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SUMMARY
The present study used scanning and transmission electron microscopy, energy 
dispersive analysis of X-rays (EDAX) and spectroscopy (FTIR, UV-Visible and 
fluorescence) to examine terrestrial materials of possible astronomical significance 
(Oedogonium sp., Enteromopha intestinalis, Pelvetia canaliculata, Fucus vesiculosus, 
Bacillus cereus, Staphyllococcus aureus, poppy seed, chlorophylls ‘a’ and ‘b’, 
Panicum maximum, anthracite, bituminous coal, naphthalene), the Tagish lake and 
Carancas meteorites, a Kerala red rain sample and stratospheric air particles collected 
at altitudes of 38-41 km. The study was designed to determine if any of the terrestrial 
samples could be proposed as an effective model for the interpretation of astronomical 
spectroscopic observations. The study also set out to search for evidence to shed light 
on the origin of these meteorites, red rain and stratospheric air particles.
The spectra of all the terrestrial samples (including the meteorites) exhibited 
absorptions in the Mid-IR region, similar to astronomical features displayed by a 
variety of galactic sources. Algae (Odeogonium sp.) in particular produced the largest 
number of absorption peaks, most of which matched those of the astronomical 
emission spectra of PPNe and also the UIBs. Based on these observations, algae could 
be defended as a biological model for the interpretation of UIBs and PPNe, and a 
potential candidate for interstellar material. Coal and semi anthracite, that can be 
regarded as steps in the degradation of biomaterial, preserve the UIB-PPNe spectral 
features to varying degrees. The results are consistent with the panspermia theory of 
Hoyle and Wickramasinghe.
UV-Visible studies were also conducted on all these materials. The main absorption 
feature was one close to 217.5 nm (2175 A). The normalized (averaged) spectrum of 
the whole sequence of biological materials and their degradation products absorption 
feature at 217.5 nm (2175 A) further support the contention that aromatic molecules 
in biological materials are responsible for the interstellar absorption feature centred at
217.5 nm.
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The X-ray microanalysis data together with the infrared spectrum and ultrastructural 
information on the Tagish Lake and Carancas meteorites confirm the presence of nano 
sized particles, but their biological provenance remains indeterminate.
In the concluding chapters of the thesis I report results of investigations of a similar 
kind conducted on aerosols collected at height of 41 km in the stratosphere. A variety 
of microstructures were identified within these particles, some with probable 
biological provenance. The red rain of Kerala is also investigated; unidentified algal- 
type cells were discovered, but their origin remains uncertain and controversial.
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CHAPTER 1 
General Introduction
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1.1. The Solar System
The embryonic Solar System consisted of the Sun and Solar Nebula within which 
comets, asteroids and other planets were formed. The events leading to the formation 
of the Solar System are well documented. As generally agreed, the Solar System 
formed about 4.56 billion years ago from a collapsed dense interstellar dust as a result 
of the Big Bang (Tschamuter and Boss, 1993; Whittet, 1996; Irvine, 1996; Gaffey, 
1997; Wright, 2004).
1.1.1. The Sun
The Universe was generally perceived as a hot fireball after the Big Bang. Its space 
was densely packed with elementary particles and as a result, no light could travel 
anywhere. After about several hundred thousand years, the temperature in the 
Universe dropped to about the same as that of the surface of the Sun. This was the 
time when particles joined to form atoms and as a result, light travelled around 
unimpeded and shone through the Universe (Wright, 2004).
The Universe took more than one billion years to evolve into a network of galaxies 
and stars (Whittet, 1996). As generally understood, the birth of the Sun was preceded 
by a series of events: (i) a cloud of gases on the very edge of the Milky Way was 
drifting, slowly shrinking and spinning; (ii) this cloud (or nebula) gradually contracted 
to form a disc that heated up; (iii) once the temperature reached a few thousands 
degrees, the nebula began to separate into clouds of variable density; and (iv) the 
scorching centre continued to heat up until eventually the Sun was bom. As described 
by McBride (2004), the Sun is a huge ball of gas, composed mainly of helium and 
hydrogen although other elements are also present in smaller amounts. Furthermore, 
Wright (2004) described that the Sun is rather a complex and ‘active’ star with a 
radius of 695,500 km, a mass of 1.99xl030kg and a distance of about 149.6 million 
km from Earth. Its surface (also known as the photosphere) is 547 km thick with 
temperatures ranging from 5,500 K to 6,000 K. It has dark spots called ‘sunspots’ 
which are very active. Above the photosphere the temperature is around 4,000 K and 
above that, the temperature rises to 27,800 K; this region is called chromosphere and
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is made up of hot gases in violent motion displaying fountains of flaming gases. 
Immediately below the photosphere, is the convection zone which is 96,560 km thick, 
and its temperature can reach up to 2xl06 K. The radiation zone is directly below 
convection zone. Nuclear reactions release energy from the Sun with temperature at 
its core reaching 15.6xl06 K (Wright, 2004).
1.1.2. The Solar Nebula
It is widely believed that the solar nebula from which the sun formed was a flattened 
revolving disc of gas and dust which gradually cooled down. As the temperature 
continued to decrease, the gas quickly condensed into particles of rock, metal and ice. 
These particles collided with each other inside the spinning disc, and as a result stuck 
together, forming larger particles which rapidly fused into rocks and then boulders. 
After about 100 million years, a set of planets in stable orbits were eventually formed 
around the Sun (McBride, 2004).
Of all these planets shown in Fig. 1.1 in order of increasing distance from the Sun, 
those known as terrestrial planets are Mercury, Venus, Earth and Mars; they are 
‘small’ bodies and located closer to the Sun. The other larger planets are situated 
farther from the Sun; these are called ‘giant’ planets which include: Jupiter, Saturn, 
Uranus and Neptune. Pluto (not normally classed as a planet) is the smallest of all, 
and is positioned furthest away from the Sun. Some physical characteristics of each of 
these objects are shown in Table 1.1.
I.I.2.I. Terrestrial Planets
• Mercury
Within the Solar System as shown in Figure 1, the planet Mercury is the closest body 
to the Sun with a radius of 2440 km; it is therefore very hot, and its surface facing the 
Sun can reach up to 743 K, but its shaded part is very cold with a temperature of about 
83 K (McBride, 2004). The surface of the planet Mercury is covered with linear
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features and impact craters which are caused by continuous bombardment of asteroids 
and comets (McBride and Gilmore, 2004)..
• Venus
With a radius of 6052 km, this planet appears featureless because of its thick 
atmosphere. According to McBride and Gilmore (2004), the atmosphere is mostly (97 
% by volume) carbon dioxide, and its surface atmospheric pressure is almost a 
hundred times that on Earth with a temperature reaching around 673 K. This high 
temperature is thought to be caused by the greenhouse effect of CO2 (McBride, 2004). 
The surface structure of Venus is covered with old lava flows in many places, but 
there are less impact craters as compared to the surface of Mercury. It is possible that 
the clouds of Venus harbour microbial life (Wickramasinghe and Wickramasinghe, 
2008).
• Earth
The planet Earth has a radius of 6371 km. The surface of the Earth is covered with 
landscape surrounded by oceans and ice-capped frozen poles. Its surface temperature 
varies from hot in the Equator to cold at the polar regions. On average, the 
temperature is around 15 °C (McBride, 2004). Because of the circulation of hot and 
cold air over the planet, evaporation of water is minimal, thus maintaining the 
existence of life. Unlike the atmosphere of Venus, that of the Earth is composed of 
nitrogen (78 %) and oxygen (21 %) with traces of other gases such as carbon dioxide 
(Wright, 2004). Life of all sorts abound in the Earth’s biosphere that extends from 
depths of several kilometers to heights of over 40 km in the atmosphere.
• Mars
The planet Mars has a radius of 3390 km with an atmosphere composed mainly of 
carbon dioxide (95 %) (McBride, 2004). The surface of Mars shows a large canyon 
system (called Valles Marineris), huge old volcanoes and lava flows. The canyon has 
a long fracture about 4000 km across. In general, the surface appears dry and is
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covered with large boulders embedded in dust and soil. A debate continues as to 
whether or not Mars harbours or harboured present or past life.
Uranus plut0
Saturn
Jupiter ^  •
Neptune
Comets
Asteroid Bejt
Fig. 1.1: Solar System showing the position of its planets in relation to the Sun.
1.1.2.2. Giant Planets 
• Jupiter
This is the largest planet of all planets with a radius of 69,910 km. The atmosphere is 
composed of hydrogen (90 %) and helium (10 %), with traces of methane, ammonia 
and water vapour (Lewis, 1995). The surface of Jupiter shows a pattern of alternate 
dark and light bands parallel to the equator, called belts and zones respectively. The 
temperature in the dark belts increases and that in the light zones decreases. This 
creates atmospheric motion. The most striking feature is a large region about 20,000 
km across (called the Great Red Spot); this is a circulating atmospheric feature (or 
giant storm) with an anticlockwise rotation (Moore, 2004).
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• Saturn
With a radius of 58,230 km Saturn is the second largest planet in the solar system. 
The image taken by the Voyager reveals that the planet has rings around it. These 
rings showing distinctive gaps between them form a prominent flat disc orbiting in 
parallel to the equator of the planet; they are made up of icy, reflective particles and 
boulders with sizes ranging from a centimetre to a few metres (McBride, 2004).
• Uranus
This planet with a radius of 25,360 km has a featureless atmosphere. Its atmosphere 
consists of hydrogen, helium and methane (Moore, 2004). The image seen through the 
Hubble Space Telescope shows rings around the planet (McBride, 2004).
• Neptune
Discovered in 1846 by astronomers, Johann Galle and Heinrich D’Arrest, the planet 
Neptune has a radius of 24,620 km, and is therefore slightly smaller than Uranus. The 
image of Neptune taken by Voyager 2 shows a spectacular ‘Great Dark Spot’ 
(McBride and Gilmore, 2004).
• Pluto
With a radius of only 1137 km, Pluto is small as compared to other planets as 
mentioned above. It is located in the outermost region of the Solar System. Pluto was 
discovered in 1930 by astronomer Clyde Tombaugh, and it did not attract interest 
until its satellite, Charon, was discovered in 1978. The Hubble Space Telescope 
shows Pluto and Charon orbiting each other by synchronous rotation at a distance of 
about 19,400 km; both bodies are thought to have formed in the Kuiper Belt region 
beyond the planet Neptune (McBride, 2004). Since 2006 the International 
Astronomical Union (IAU) has declared Pluto as a dwarf planet or planetoid instead 
of a fully fledged planet.
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Table 1.1: Characteristics of planets (information taken from Cox, 2000; McBride and Gilmore, 2004)
H
Planet Atmospheric composition Radius
(km)
Mass
(/Earth)
Density
( ltfk g m 3)
Surface temp. 
(T7K)
Distance from 
the Sun 
(km)
Albedo
T
er
re
st
ri
al
Mercury 0 2, Na, H2, He, K 2440 0.055 5.43 443 57,909,175 0.10
Venus C 02, N2, S02, H20 , Ar, H2, CO 6052 0.815 5.20 733 108,208,93 0.77
Earth N2, 0 2, H20 , Ar, C 02 ,Ne 6371 1 5.51 288 149,597,89 0.30
Mars C 02,N 2, Ar, 0 2,CO, H20 3390 0.107 3.93 223 227,936,64 0.25
G
ia
nt
Jupiter H2,He,CH4, NH3,H20 , H2S, C2H6, C2H2,PH3, CO, 
GeH4
69910 318 1.33 165 778,412,02 0.34
Satume H2,He,CH4, NH3,H20 , H2S, C2H6, C2H2, PH3, 
CO, GeH4
58230 95.2 0.69 134 1,426,725,4 0.34
Uranus H2,He,CH4, C2H2 25360 14.4 1.32 76 2,870,972,2 0.30
Neptune H2,He,CH4, C2H6, C2H2 24620 17.1 1.64 72 4,498,252,9 0.29
Pluto n 2,c h 4,c o 2 1137 0.002 2.1 40 5,906,380,0 0.6
7
1.1.2.3. Satellites
The Solar System contains numerous satellites of various sizes, some of which are 
described below:
• The Moon: The images taken by the spacecraft, Galileo and Apollo 16, show 
the Moon having two distinctive regions: a bright highland area covered with 
numerous impact craters and a darker, less cratered region.
• Phobos and Deimos: These are the satellites of Mars which have an irregular 
shape. The size of Phobos is 26km x 18km with large and small impact craters. On the 
other hand, Deimos with the size of 16km x 10km, has fewer impact craters 
(McBride, 2004).
• Io, Europa, Ganymede and Callisto: These are four principal satellites of 
Jupiter amongst many. They are called Gallilean satellites because they were first 
observed by Galileo Galilei. The image taken by the Gallileo spacecraft shows that 
with a radius of 1821 km Io has a pizza-like appearance with large volcanic activity 
extending about 250 km across. On the other hand, Europa with a radius of 1565 km 
has an icy surface covered with cracks but shows no obvious impact craters. With a 
radius of 2634 km, Ganymede is the largest satellite in the Solar System but contains 
less mass than the planet Mercury. Callisto is the outermost satellite with a radius of 
2403 km. Both, Ganymede and Callisto are icy bodies and heavily cratered; their 
surfaces are more ancient than those of Io and Europa (McBride, 2004).
• Titan: Amongst all the satellites of Saturn, Titan is the largest; it has a radius 
of 2575 km, a surface temperature of around 90 K and an atmospheric pressure about
1.5 times that of Earth (McBride, 2004). Although this satellite appears featureless, it 
is of great interest to astrobiologists because of its massive atmosphere, its richness in 
organic matter and a possible prebiotic chemistry of relevance to astrobiology (Lewis, 
1995). According to Lewis (1995), these organics are protected by the thick 
atmosphere of Titan from harmful UV radiation. The Titan’s atmosphere is composed 
of nitrogen (N2), methane (CH4), hydrogen (H2), argon (Ar) and low density
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hydrocarbons (HCN, C2H2 and C2H4) (Somogyi et al., 2005). It is now clear from the 
infrared interferometer spectrometer (IRIS) obervations conducted by instruments 
aboard Voyager 1 and Voyager 2 that the atmosphere of Titan is dominated by 
nitrogen and methane. Methane accounts only for several percent of the total 
atmospheric pressure. The hydrogen abundance in Titan is about 0.2% and nitrogen 
makes up almost all the rest (Lewis, 1995).
Methane and nitrogen are supplied with energy from solar ultraviolet radiation and 
energetic particles in Saturn’s magnetosphere (Waite et al., 2007). This solar energy 
provides favourable conditions for the formation of complex organic materials 
including unsaturated hydrocarbon species (Yung et al., 1984; Yelle et al., 2006) and 
in particular hydrocarbon-nitrile compounds with masses reaching up to 1 0 0  daltons 
(Waite et al., 2005). It has been suggested that such organic chemical process as 
occured in the early Earth’s atmosphere before the build-up of oxygen about 2.2 xlO9 
years ago (Pavlov et al., 2003).
The lower atmosphere of Titan is reported to contain aerosols which are formed from 
simple molecules, such as methane (CH4) and nitrogen (N2) (Lewis, 1995). One of 
these aerosols is known as Tholin, and it forms the organic feedstock for a complex 
chemistry at the surface level (Somogyi et al., 2005). However, Waite et al., (2007) 
showed evidence of tholin formation at the upper atmosphere (950-11500 km) of 
Titan. Furthermore, based on the Ion Neutral Mass Spectrometer (INMS) observations 
in the Cassini spacecraft, Waite et al. (2007) confirmed that the formation of tholin 
was accompanied by the presence of negatively charged molecules of massive 
molecular weight (~8000 daltons), and suggested that these negative ions may play an 
important role in the formation of tholin. The possibility of an active biology on Titan, 
rather than prebiology cannot be excluded.
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1.1.2.4. Comets
These are small bodies, often seen from Earth as objects with a bright head, a coma, 
and a long faint tail (McBride, 2004). The tail includes of dust particles that reflect 
sunlight. The comets are known to be responsible for causing impact craters found on 
the surfaces of Earth as well as other planetary objects. Comets are divided into two 
types based on the period of their orbit. The comets that complete their orbit in 200 or 
less years are known as short period comets, whereas those taking more than 2 0 0  
years to orbit the Sun are long period comets. The former have less elliptical orbits 
and are made up of the leftover bits that were never incorporated into a planet during 
planet formation. It is widely accepted that the official names for the identification of 
periodic comets should begin with “P” or a number followed by “P”. Whilst the 
names begin with a “C” should be assigned for the non-periodic comets, those 
beginning with a “D” are used to identify those comets that have been lost or 
disappeared. The effects of collisions between comets and planets and the evolution of 
these orbits are both active areas of research. Other research interests are associated 
with the photochemistry and plasma physics of comet tails. Studies on the 
composition of the vapour from the nucleus using spectroscopy have provided 
evidence for the abundance of both silicaceous dust and mixed ices and organics in 
fresh comets prior to alteration by the sun. The presence of organic polymers in comet 
dust was first investigated by Vanysek and Wickramasinghe (1975).
One of the most famous and extensively studied is comet P/Halley; its image released 
by the European Space Agency shows its body as a dark irregular object about 15x7 
km in size. This body emitted large amounts of dust and gas produced from 
sublimating ices (mainly water, ammonia, CO2 , CO) when it comes close to the Sun. 
The dust spectrum obtained by Allen and Wickramasinghe (1981) was found to be 
closely similar to that of bacteria in the 2-4 pm infrared spectral region (Hoyle and 
Wickramasinghe, 1985).
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1.1.2.5. Asteroids
These bodies are abundant in the Solar System. More than one hundred thousand 
asteroids have been discovered, and most of these have orbits that form the Asteroid 
belt (McBride, 2004). The asteroids are in fact fragments of small planetary bodies 
that never stuck together to form a single large body because Jupiter’s gravitational 
effects tend to continuously break up larger aggregates. There are about 2000 
asteroids that are known to have orbits coming near to the orbit of the Earth, and these 
are called Near Earth Asteorids or NEAs (McBride, 2004). About 400 of them are 
now called ‘Potentially Hazardous Asteroids (PHAs). The Earth has been occasionally 
hit by such an asteroid.
Asteroids have variable sizes; the largest is Ceres with a diameter of 913 km and it 
was discovered in 1801 (McBride, 2004). Their elemental composition is also variable 
depending on the thermal, physical and chemical processing. Asteroids are classified 
according to their reflectance spectrum (or albedo) such as C (carbonaceous with an 
albedo of 0.03-0.07), E (mineral magnesium silicate with an albedo of 0.25-0.60), M 
(metallic with an albedo of 0.10-0.18) and S- types (stone with an albedo of 0.10- 
0 .22).
I.I.2.6. Meteorites
These are pieces of extraterrestrial objects, mostly from fragmented asteroids, that fall 
to Earth after having survived impact with the atmosphere. In general, the meteorite 
fragments appear as solid rocks. Depending on their elemental composition, the 
meteorites are classified as iron-meteorite (mainly metal iron), stony-meteorites 
(silicate minerals) or stony iron-meteorites (mixture of iron and silicates). Stony 
meteorites most frequently fall to Earth, and most of them are chondrites containing 
globules of silicate minerals (known as chondrules) (Wright, 2004). Meteorites are 
thought to constitute a major means of delivery of extraterrestrial material onto Earth, 
and the relevant detailed information is described in section 1.5 of this Chapter.
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1.2. Major Elements in the Solar System
The major biogenic elements found in the Solar System include carbon, nitrogen, 
sulphur and phosphorus (Lewis, 1995). In fact, the Sun and materials in the outer solar 
system have more than 10,000 times the carbon content of the bulk of Earth (McKay, 
1991). This carbon in the form of organic molecules together with liquid water may 
play a role in extraterrestrial life (Pace, 2001). It has also been suggested that 
extraterrestrial life may use other solvents such as liquid methane, liquid nitrogen, 
hydrocarbon and the element silicon (Pace, 2001; Bains, 2004). These major and other 
minor elements form the complex feedstock for life to evolve on Earth.
1.3. Evidence of Early Life on Earth
Our planet contains ingredients that are needed to support life. Water is an absolute 
requirement of life and the other elements include carbon, hydrogen, oxygen, nitrogen 
and minerals such as S, P, Na, K, Mg, Ca, Mn, Fe, Cu and Zn, all of which form the 
chemical elements for life to evolve (McKay, 1991). For these chemical elements to 
form molecules and to react, an energy source is also needed. In general, the vast 
majority of life forms on Earth get their energy from sunlight. Most primitive plants 
obtain energy by absorbing ultraviolet light from the Sun and this process is known as 
photosynthesis. As we know, humans and other animals get their energy by 
consuming plants, or other animals. Ultimately all animals rely on energy from the 
Sun to live. However, only until recently, it was thought that life couldn't exist in a 
place that was shaded from sunlight. Scientists have recently discovered organisms 
that live deep beneath the ocean. These organisms absorb energy directly from 
chemicals in the water around them. Liquid water or possibly an ocean existed at the 
surface of the Earth as early as 4.3 billions years ago (Javaux, 2006). This is 
confirmed by the discovery of ancient zircons (minerals formed in water) that were 
dated at that time (Mojzsis et al., 1996). In the early Archean period, the Earth was 
rich in liquid water (Javaux, 2006).
Carbon, hydrogen, nitrogen, oxygen and other elements that make our bodies and 
other living creatures, were synthesised billions years ago in the interiors of stars
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(Burbidge et al., 1957), and in the case of hydrogen, in the Big Bang itself (Trimble, 
1997). A good understanding of the origin and evolution of life on Earth is useful for 
the search for past or present extraterrestrial life. It is generally agreed that the Earth 
formed by coagulation and accretion of planetary dust (Tschamuter and Boss, 1993; 
Harper, 1996; Gaffey, 1997). Following its initial accretion, the Earth was hot and 
could not have supported water at its surface. Comet impacts brought water to form 
oceans on the surface, and evaporation of water produced a primitive atmosphere 
(Oro, 1961). The stage was set for the emergence of life.
Although liquid water, chemical elements and energy are considered to be necessary 
for life to emerge, the environmental conditions for early life to evolve are not yet 
understood. Furthermore, as we know, life has tremendously affected the landscapes 
and atmospheres of the Earth about 3.5 billions years ago (Schopf, 1992; 1993). 
Searching for early life on the Earth is difficult since most of its signatures were 
erased by geological processes such as fossilisation and metamorphism (Javaux, 
2006). Fortunately, some places on continents have sedimentary rocks that are still 
preserved, and have been found to contain traces of early life. Microfossils, 
stromatolites, and isotopes of sedimentary carbon and sulphur found on Earth were 
recorded to be dated before 2.5 billions years during the Archean time; these materials 
show the presence of microorganisms and that their metabolism was developed in the 
same way as those of many recent terrestrial microbes (Brocks et al., 2003). Thus, the 
presence of biosignatures on Earth have made the detection of past and present life 
possible.
The direct evidence of earliest life on Earth is shown by the presence of the oldest 
fossils, which dated about 3.5 billions years (Schopf, 1992; 1993). The samples 
contained primitive cyanobacteria that presumably went through evolution a few 
hundred million years earlier before reaching the stage of complexity found in the 
samples (Whittet, 1996). The indirect evidence of early life is obtained from the 
geological record at about 3.83-4 billion years ago. The presence of free oxygen in the 
atmosphere is confirmed by the discovery of sedimentary rocks in the ocean floor, 
that consists of alternating, layers of iron-rich and iron-poor (Schopf, 1992). 
According to Kasting (1997), the formation of such rock shows that the atmosphere is 
weakly aerobic and that the primary source of atmospheric oxygen is photosynthesis.
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1.4. Survival of Organisms in Extreme Environments
One of the main aims of astrobiologists is to find evidence for signs of life in space. 
Trent (2000) has suggested that to approach this goal, it would be useful to have a 
good knowledge of the physical and chemical factors that limit life on the Earth, and 
perhaps most importantly the underlying biophysical characteristics of life that set 
these limits.
In nature, some terrestrial organisms are more resistant than others to living 
conditions that a human being would consider extreme. Those organisms that thrive 
beyond these limits are referred to as extremophiles. According to Rothschild and 
Mancinelli (2001), the extreme environments where this group of organisms are 
found, can be of various forms such as physical, geochemical or biological.
It is fortunate from the astrobiological point of view that the continuous exploration of 
Earth for signs of early life has led to the discovery of a variety of unexpected 
microbial habitats. Bacteria, archaea and other primitive living creatures have been 
found to thrive in most habitats, especially in extreme habitats (Trent, 2000). Some 
microbes of the family known as barophiles or piezophiles survive and even thrive in 
cold, deep-sea environments where temperatures are between 2-4 °C and pressure up 
to 1100 bars (Yayanos, 1995). Members of psychrophiles grow in the Siberian 
permafrost where the tremperature is below -20 °C (Mazur, 1980).
There have been reports of another extreme case where bacteria are present either in 
hot water with temperatures reaching a few degrees above 100 °C or cultured at 105 
°C (Trent, 2000). Those organisms that thrive at temperatures above 80 °C are called 
hyperthermophiles, and these include prokaryotic organisms that are found in 
environments with temperatures higher than 75 °C above which microbial diversity 
sharply decreases (Brock, 1978).
The frequently asked question is how these organisms can survive and in most cases 
thrive under such extreme conditions. As pointed out by Trent (2000), the 
extremophiles are equipped with biochemical and molecular adaptations that allow
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them to thrive under such extreme environments. As Trent (2000) also indicated, 
some of these adaptations may involve changes in biomolecules (eg. lipids, nucleic 
acids and proteins), and regulation of compounds (eg. organic solutes, salts and 
proteins), which stabilise both the macromolecules and cellular organisation.
Liquid water is also important either as a reactant or product for most metabolic 
processes (Franks, 1985). However, water freezes at low temperatures by nucleation, 
resulting in ice crystal formation and freezing of intracellular water. In this context, 
temperature creates a series of challenges: from one extreme structural devastation by 
ice crystals, and to the other denaturation of biomolecules by excessive heat 
(Rothschild and Mancinelli, 2001). From the biochemical point of view, temperatures 
reaching 100 °C normally denature the essential biomolecule such as proteins and 
nucleic acids, and increase the fluidity of the membranes to lethal levels.
The story of the red rain event that took place on the 25th of July, 2001 in Kerala 
(India), has recently prompted detailed studies. Louis and Kumar (2003) reported that 
the microorganisms in the red rain samples could grow in extreme environmental 
conditions (300 °C). Furthermore, their spectroflurometric study confirmed that these 
microorganisms had proteins but no visible DNA in their cells. The above Findings 
have attracted interest amongst astrobiologists in the search for the origin of these 
microorganisms. It is acknowledged that all known living systems of terrestrial origin 
can not survive at 100 °C, let alone 300 °C, because under this temperature their 
metabolic activities completely shut down. There are however a number of reports 
indicating that some microorganisms isolated from the ocean hydrothermal vent 
systems and deep-sea oil wells are able to grow even at 121 °C, such as Pyrolobus 
fumarii (Blochl et al., 1997), and a microbe known as Strain 121 (Kashefi and Lovley, 
2003). The fact that these hyperthermophilic microorganisms can thrive in such high 
temperature is explained by their ability to evolve either by altering their metabolism 
or genetic make-up. Grogan (1998) claimed that these microroganisms are equipped 
with a DNA repair system against thermal denaturing process.
Despite the experimental reports produced by Louis and Kumar (2003 and 2006), the 
origin of the red rain particles still remains unclear. As suggested by Louis and Kumar 
(2006), the particles may be of cometary origin fitting a panspermia hypothesis which
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proposes that the Earth was seeded in the past, and is still being seeded, with 
microorganisms from outerspace. This theory has recently been confirmed by the 
results of isotopic analysis of Murchison meteorite, which has shown that the organic 
compounds found in the samples are not terrestrial (Martins et al., 2008).
1.5. Delivery of Extraterrestrial Materials to Earth
1.5.1. Minerals
1.5.1.1. Comets
Many comets such as those of Oort cloud and Jupiter family contain crystalline 
silicates that were formed in the early solar nebula at temperature T >1000 K 
(Crovisier et al., 2000; Harker, 2004; Reach, 2004; Hanner and Bradley, 2005). A 
number of other comets have also been reported to contain both amorphous and 
crystalline silicate grains. One of the comets reported to contain chondritic porous 
interplanetary dust particles or CP IDPs is comet 81 P/Wild 2 (Ishii et al., 2008). The 
dust particles were collected by the Stardust spacecraft which passed through the 
dusty coma. The analysis of the samples has shown that they contain silicates (namely 
olivines and pyroxenes) and refractory minerals such as melilite, anorthite, corundum, 
osbomite and roedderite (Zolensly et al., 2006). These minerals are believed to 
originate in the inner nebula (Ishii et al., 2008). According to Joswiak et al. (2007), 
these refractory minerals are all related to calcium-aluminium inclusions and also to 
chondrule fragments. It has also been reported that the dust ejected into the coma from 
the nucleus of comet 9P/Tempel 1 after an impact, was a mixture of amorphous and 
crystalline grains. The presence of clay particles in this comet was inferred from 
infrared spectroscopy (Wickramasinghe et al., 2010). The infrared observations with 
the MICHELLE imaging spectrograph on the 8 -m Fredrick C. Gillettte (Gemini-N) 
telescope on Mouna Kea, Hawaii, showed that the amorphous grains appear slightly 
porous and are composed mainly of amorphous pyroxene and amorphous olivine 
whereas the crystalline grains contain magnesium rich crystalline olivine (Harker et 
al., 2005). The observation of Comet Hale-Bopp (C/1995 Ol) with the Infrared Space 
Observatory (ISO) revealed the presence of silicates composed of magnesium-rich
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crystalline olive in addition to volatile elements such as water, carbon monoxide and 
carbon dioxide (Crovisier et al., 1997).
Interplanetary dust particles collected in the stratosphere also show fragile 
microstructures with an abundance of carbon and Mg-rich silicates (Bradley et al., 
1999). These objects are also found within the matrices of chondritic porous of the 
IDPs or embedded in amorphous carbonaceous material (Bradley, 1994). These grains 
are similar to those of astronomical ‘amorphous’ silicate grains that are widespread 
throughout interstellar and circumstellar space (Martin, 1995).
1.5.1.2. Meteorites
Minerals are also present in abundance in meteorites found on Earth. The two main 
silicates in CP IDPs that are believed to be unique to the class of meteorite materials 
include: amorphous silicates known as GEMS (glass with embedded metal and 
sulfides) and a whisker (elongated silicate crystal) of the crystalline silicate enstatite 
(Bradley, 2003). These GEMS show a spectral match (10 pm wavebands) to 
astronomical amorphous silicates, one of the constituents that form the fundamental 
building blocks from which the solar system is thought to have formed (Bradley et al., 
1999; Messenger, 2003).
Some minerals such as melilite, spinel and perovskite are also found in small 
refractory inclusions in a few meteorites such as phylosilicates which are 
distinguished by their layered (mica-like) structure and high water content (Lewis,
1995). These phylosilicates are found only in the very volatile-rich carbonaceous 
chondrites and in association with organic matter, sulphur, sulfates, carbonated, 
magnetite, and other oxidised and volatile-rich materials (Lewis, 1995).
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1.5.2. Organic Matter
I.5.2.I. Interstellar Dust
The nature of interstellar dust has been extensively reviewed over recent years. The 
most highly debated topics are related to: (i) whether the interstellar particles can 
survive the processes associated with the origin of our Solar System; (ii) whether 
these particles contain complex organic molecules; and (iii) whether some of which 
are delivered to Earth by comets and asteroids, and subsequently play a role in the 
origin of life on Earth.
The Universe is thought to have originated nearly 13.7 billion years ago (Irvine,
1996). Throughout much of the age of the Universe, interstellar dust has existed in 
space. Evidence for the presence of organics in interstellar dust is compelling. As we 
learn more about the nature of comets and asteroids, support is also growing for the 
view that interstellar material survived the origin of the solar system. A number of 
investigations have indicated that the interstellar particles contain complex organic 
molecules (Wickramasinghe, 1974; Hoyle et al., 1978; Hoyle and Wickramasinghe, 
1980a; Hollenbach and Thronson, 1987; Irvine, 1996; Trimble, 1991 and 1997). In the 
interstellar medium of our Milky Way Galaxy, most of the material is in the form of 
interstellar clouds where organic particles are abundant (Hoyle et al., 1978; Hoyle and 
Wickramasinghe, 1980a; Henkel et al., 1991). These clouds consist of two types: 
diffuse and dense interstellar media (Irvine, 1996). Omont (1991) and Whittet (1992) 
reported that some of the dust grains in the diffuse clouds are predominantly formed 
in the expelled envelopes of cool, evolved red giant stars. Most of these grains are 
subjected to various planetary processes which may destroy them. Fortunately, a 
significant amount of the grains in the diffuse clouds escaped these processes. In this 
diffuse region, ultraviolet photons photolyse most molecules and diatomic species 
were for the first time clearly identified (Irvine, 1996).
The presence of complex organic molecules in galactic material has been extensively 
studied following the early work by Wickramasinghe (1974). Wickramasinghe and 
Allen (1980) detected a 3.4 pm absorption feature in IRS 7 source using the 3.9m
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Anglo-Australian Telescope and an infrared photometer-spectrometer. They have 
shown that the ratio of the absorption coefficient of grains at 3.4 pm to the extinction 
coefficient at b, ~ 5500 A is within the range ~ 0.003-0.006 and that the data is 
consistent with all the grains in the interstellar medium containing a polymer based on 
the H2CO molecule. They have further suggested that this 3.4 pm feature is a CH 
stretching band and that it is not confined to either diffuse or dense clouds, but rather 
to the general interstellar medium. Based on this data and the observations of Duley 
and Williams (1979), Wickramasinghe and Allen (1980) concluded that the mass 
fraction of interstellar grains is predominantly rich in carbon in the form of organic 
molecules.
Organic substances are known to possess a characteristic band resulting from CH 
stretching centred at 3.3-3.5 pm wavelengths (Silverstein et al., 1974). Some have 
argued that the 3.4 pm band is associated with the organic molecules in the form of 
gas rather than grains (Duley and Williams, 1979). However, this argument seems to 
exclude the fact that the gaseous molecules are volatile, and thus can not survive in 
the harsh interstellar environment. The positive detection of organic molecules from 
the infrared spectra has provided a new insight into the story of the interstellar grains. 
In earlier studies, Wickramasinghe (1974) found that a paraformaldehyde grain of 0.3 
pm radius had a CH band centered at 3.4 pm and a ratio of k3.4^ /k sso o  A =  0.006. He 
further claimed that these data were consistent with the astronomical observations and 
matched with the value reported for IRS 7. Polysaccharides, cellulose, amylase and a- 
glucans have also been analysed spectroscopically in relation to interstellar dust 
properties. For polysaccharides, the position of the 3.4 pm band centre varies slightly 
from one type to another (Hoyle and Wickramasinghe, 1977) whereas that of cellulose 
is centred at 3.45 pm (Hoyle et al., 1978), and that of glucans is 3.41 pm (Michell and 
Scurfield, 1970).
Attempts to characterise the specific nature of dust particles spectroscopically have 
proved quite difficult since their infrared spectra show only the functional groups 
rather than specific large organic molecules (Irvine, 1996). The interstellar grains 
show absorptions in the 3-10 pm waveband which are attributed to aromatic and 
aliphatic groups (Whittet, 1992; Sandford, 1996). Polycyclic aromatic hydrocarbons 
(PAHs) are reported to produce infrared bands in 2-14 pm region but some
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investigators have argued that this emission may be due to either free molecules or 
amorphous carbon grains that have been hydrogenated (Tielens, 1993). PAHs are 
observed in a number of cosmic environments such as vicinity of evolved stars, 
carbonaceous meteorites, interplanetary dust particles and Martian rocks (Roche et al., 
1996; McKay et al., 1996). According to Witt (1999), the 3.4 pm feature is the 
infrared interstellar absorption which is attributed to CH stretch transition in aliphatic 
hydrocarbon materials.
The spectra of distant stars show broad absorption features with widths ranging from 
0.1 to 3 nm but with invariable wavelengths and profiles (Irvine, 1996). These diffuse 
interstellar bands (DEBs) (200 of these features) are observed in the optical and near 
infrared spectra of the stars (Herbig, 1995; Irvine, 1996).
Studies on Interplanatery dust particles (IDPs) have provided some insight into the 
origin of the early solar system. Much of what astrobiologists have known about IDPs 
comes from their ultraviolet (UV) spectra. Earlier observations reported the presence 
of a conspicuous peak centered near 2 2 0 0  A in the extinction curves of starlight 
(Stecher, 1965; Savage, 1975; Nandy et al., 1975). Furthermore, quantitative analyses 
of the ultraviolet extinction of starlight demonstrated that all extinction curves had an 
approximately linear relationship with respect to 1/ X between X =0.33 p m  and X =1 
p m , a narrow peak between 4.5 p m ' 1 and 4.7 p m '1, and a flat minimum at 5.5 p m ' 1 (Al 
Mufti, 1985). Wickramasinghe and Guillaume (1965) originally proposed that this 
feature was attributed to graphite grains from carbon stars. According to Draine 
(1989), one of the features seen in the diffuse interstellar medium (ISM) is the 2175 A 
UV extinction peak which is attributed to the absorption by small grains of 
carbonaceous, and is most likely of graphitic nature.
According to Hoyle and Wickramasinghe (1962 and 1969) and Stecher and Donn 
(1965), the 217.5 nm extinction bump is attributable to small spheres of graphite. 
However, Hoyle and Wickramasinghe, (1977) later proposed the alternative molecular 
explanation of the 217.5 nm absorption; they argued that the requirement of graphite 
which has a planar lattice structure to be in the form of small spheres in interstellar 
medium, appears scarcely relevant, and instead suggested the involvement of aromatic 
organic molecules. Furthermore, photo-reflective measurements of anthracite produce
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a feature close to 217.5 nm, suggesting that this feature probably arises from a 
complex carbonaceous compound (Kwok, 2009).
Recently, Bradley et al. (2005) have also detected a 5.7 electron volt (2175 A) feature 
in interstellar grains embedded within IDPs and pointed out that this was the strongest 
visible-ultraviolet spectral signature of dust in the interstellar medium. The interstellar 
medium has previously been reported to be rich in carbonaceous matter and 
amorphous silicates (Steel and Duley, 1987; Draine, 1989; Sandford, 1996). 
According to Floss and Stadermann (2004) and Messenger (2000), the carbonaceous 
matter is a mixture of organic and inorganic carbon and some of the organic materials 
have nonsolar isotopic compositions comparable to those found in interstellar 
molecular clouds. Bradley et al. (2005) have suggested that both organic compounds 
and amorphous silicates in IDPs may be carriers of the 2175 A feature.
1.5.2.2. Meteorites
During the formation and evolution of planets, most materials from the early Solar 
System have been continuously processed and consequently became less primitive. 
However, there are some regions of the Solar System that have escaped the planetary 
processes such as asteroid belt where small objects have not been subjected to the 
transformation after the birth of the Solar System (McBride, 2004). Due to 
gravitational force of some planets like Jupiter, the asteroids close by are likely to be 
involved in some form of collisions and as a result, fragmented into rocks which are 
then propelled into the orbit of the Earth and subsequently fall down to its surface 
under its gravitational pull.
These rocks are meteorites and thousands have been collected throughout the world 
and subsequently studied in various laboratories. The Earth has been continuously 
bombarded by meteorites since its initial accretion several hundreds millions years 
ago. However, their sources were rarely reported in the very early years. It was not 
until 1959 when the fall of a meteorite was spectacularly captured by cameras at 
Priram, near Prague, Czech Republic that their points of entry were recorded and 
reported (Ceplecha, 1977; Llorca, 2004). Since then, the orbits of other meteorites 
have also been identified such as Lost City in Oklahoma (1970), Innisfail in Alberta
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(1977), Peekskill in New York (1992), Moravia in Czech Republic (2000) and 
Neuschwanstein in Austria (2002). The meteorites collected on Earth are considered 
to be parts of asteroids or extinct comets. Due to the gravitational force of Jupiter, 
asteroids could never be assembled into a planet in the early stages of planetary 
formation and their total mass is less than that of the Moon (Llorca, 2004). No light is 
produced by asteroids but the reflection of sunlight from their surfaces produces 
spectra which can be used to compare with those obtained from the analysis of 
meteorites in the laboratories. The largest asteroid is Ceres and has been classified as 
Type C of which the surface contains water-bearing clays and organic materials 
(Buseck and Hua, 1993).
In the past, meteorite falls were not well understood and frequently thought to be the 
result of divine phenomena or acts of God. Nowadays, there are expeditions designed 
to collect meteorites either in hot and cold deserts and also dust particles in space. 
Space missions have also been regularly undertaken to collect samples from the 
planetary system. The main aim of these expeditions is to provide new opportunities 
for scientific advancement in the area of astrobiology. Certain types of meteorites 
such as the ones found in Murchison, Australia in 1969, have been reported to contain 
a large amount of organic materials such as: hydrocarbons, alcohols, aldehydes, 
ketones, carboxylic acids, amino acids, amines, amides, heterocycles, phosphonic 
acids, sulfonic acids, sugar-related compounds and other poorly defined high- 
molecular weight macromolecules (Sephton, 2005). Analysis of isotopic ratios
12 13(C /C ) of organic compounds found in the Murchison meteorite confirms that these 
molecules are of non-terrestrial origin and that the relevant molecules identified 
include uracil, an RNA nucleobase and xanthine (Martins et al., 2008). The organic 
matter was found to be localised within the inorganic matrix of the chondrites which 
also contained traces of water (Llorca, 2004). It has been suggested that this organic- 
inorganic combination may play a role in the formation of complex organic matter in 
the early Solar System. Since many of these compounds are also present in terrestrial 
living systems, it may be possible that extraterrestrial organic matter was involved in 
the origin of life on Earth. Proof that the cosmos delivers some exogenous organic 
molecules onto the surface of the Earth, is provided by analysis of carbonaceous 
meteorites. In addition to the Murchison meteorite, the chemical analysis was also
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carried out on the others such as Cold Bokkeveld (South Africa, 1838), Orgueil 
(France, 1864), Murray (USA, 1950) and Allende (Mexico, 1969).
About 85% of the meteorites collected are chondrites with an overall elemental 
composition similar to the Sun (Sephton, 2005). This evidence supports the view that 
the chondrites were formed during or shortly after the birth of the Sun. Since the Sun 
contains more than 99% of the mass of the whole planetary system and that the 
elemental composition of the solar system is equivalent to the chemistry of the sun, 
the close similarity between the elemental composition of the sun and carbonaceous 
chondrites suggests that unlike all the rocks on Earth, this type of meteorites has not 
encountered extensive chemical alteration. Of all the chondrites observed, it is the 
carbonaceous chondrites that belong to the most primitive meteorites. This 
observation seems to indicate that studies on carbonaceous chondrites could provide 
some new insights into the origin of life on Earth.
A new type of carbonaceous chondrite has recently been found in the meteorite which 
was collected in the frozen lake, called Tagish Lake in Canada (Llorca, 2004). This 
chondrite is related to a primitive meteorite rich in organic compounds with 3.6 % 
carbon in weight (Brown et al., 2000; Llorca, 2004). According to McSween (1989), 
the meteorite-carbonaceous chondrites are grouped into seven main types as shown in 
Table 1.3. Most carbonaceous chondrites are older than 4.5 billions year and are 
representative of primitive meteorites; they contain water (up to 1 0 % of their weight) 
and carbon (more than 3% of their weight) (Cronin et al., 1988).
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Table 1.3: Classification of carbonaceous chondrites (taken from Llorca, 2004;
McSween, 1989).
Type Prototype Year
Cl Ivuna (Tanzania) 1938
CM Mighei (Ukraine) 1889
CV Vigarano (Italy) 1910
CO Omans (France) 1868
CR Ranazzo (Italy) 1824
CK Karoonda (Australia) 1930
CH ALH85085 (Antartica) 1985
1.5.2.3. Cometary Dust
The sources of interplanetary dust particles (IDPs) include asteroids, comets, 
planetary rings, and interstellar space. Comets are composed of ices, gases and dust, 
and they are considered to be the most important sources of IDPs. The comets near 
perihelion inject several thousands kilograms of dust per second with sizes ranging 
from 1 to 100 pm (Llorca, 2005). Halleys’s comet released about 3,000 kg of dust per 
second into the interplanetary medium (McDonnell et al., 1986).
A proportion of cometary IDPs is expected to vaporise under radiation of the Sun but 
the remainder blown out of the Solar System as a result of the radiation pressure that 
exceeds gravity (Llorca, 2005). These IDPs enter the Earth’s atmostphere at high 
velocities in excess of about 11 km/s but decelerate when coming down to an altitude 
of 80 km before reaching the stratosphere (Sandford, 1987). The samples collected in 
the stratosphere have been found to contain extraterrestrial materials which include 
organic molecules and microorganisms amongst many other compounds such as 
minerals and gases (Schramm et al., 1989). The organic matter is rich in C,H,0 and N 
elements and the average carbon content of IDPs has been found to be 10-12 % 
(Schramm et al., 1989; Thomas et al., 1993) which is about 2.5-3 times the carbon in 
the primitive meterorites (Llorca, 2005). However, the precise nature of the organic 
component in comets remains unknown.
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Furthermore, it is interesting to note that the comet Hailey shows a mixture of bright 
and dark materials and that the bright area contains ices whereas the dark part consists 
of mineral and organic components (Huebner, 1990) and most of which are aromatic 
and aliphatic hydrocarbons (Llorca, 2004). The comet Pholus contains a complex of 
carbon compounds as shown by its spectra (Cruikshank et al., 1998), red colour 
(Llorca, 2005) and the presence of hydrocarbons along with H2O ice on the surface 
(Llorca, 2005). Allamandola et al. (1988) and McDonald et al. (1996) reported that 
laboratory irradiation of ice similar to comet produced a number of organic 
compounds. As they observed, the formation of complex organic molecules took 
place as soon as the ices were warmed up and this organic complex included alcohols, 
amides, amines, ketones and nitriles.
According to Oro et al. (1992), the fall of meteorites, comets and interplanetary dust 
into the Earth’s atmosphere is about 105 kg/day. Some of the organic material in this 
dust can survive temperature up to 577 °C for 1 second and an IDP particle is 
subjected to the temperature around -173 °C only a few seconds on entering the 
Earth’s atmosphere (Chyba et al., 1990). The Earth was seeded with more than 1012kg 
of IDPs in the form of fine dust during the first 0.5 millions years (Delsemme, 1984; 
Oroetal., 1992).
1.5.2.4. Stratospheric Particles
Dust swirled about in space for millions years and contaminated planetary objects. 
The Earth’s atmosphere is thought by some to have been contaminated with cometary 
materials and other space debris. A proportion of dust particles are expected to melt 
and evaporate, but the rest should fall gently to Earth under gravity over time.
A number of papers reported that in addition to dust particles, microorganisms were 
also found in the samples collected from stratosphere (Wainwright et al., 2003; 
Wickramasinghe, 2004b). The findings have prompted a series of questions which 
remain to be answered such as: (i) Do microorganisms exist in the stratosphere? (ii) 
Can they survive at high altitude and (iii) Are they extra-terrestrial? To answer these 
questions, a team of scientists in India worked in collaboration with those in the 
United Kingdom on a project to collect stratospheric samples at different altitudes, 20-
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41 km, using balloon-borne sterile "cryosamplers" (Wainwright et al., 2003; 
Wickramasinghe, 2004b).
Their preliminary study confirmed the presence of viable bacteria in air samples 
collected at an altitude as high as 41km. Furthermore, Wainwright et al. (2003) 
identified a fungus {Engyodontium album) and two types of bacteria {Bacillus simplex 
and Staphylococcus pasteuri) in one of the samples collected at this altitude. As 
reported by these scientists, the isolated organisms were very similar to known 
terrestrial species. However, they noted that there were remarkable differences in their 
properties, thus possibly pointing to a different origin.
The state of Kerala in India received red rain over several months from 25th July in 
2001 (Louis and Kumar, 2003). This phenomenon was treated as an extraordinary 
event since the coloured rain water fell in various places spreading over hundreds of 
kilometres within a state and contained several tons of particles. Most of these 
particles appeared red. There were some cases where the rain also showed yellow 
colouration. Much attention has since been focussed as to the sources of these 
particles and the question is asked as to whether such a quantity of particles can be 
transported upward to reach the altitude of the rain clouds. Sampath et al. (2001) 
claimed that the red rain particles were fungal spores from trees.
As proposed by Satyanarayana et al. (2004) desert storm activity in the West Asian 
countries may be the contributory factor. It has been even suggested that the red rain 
could have been a splash of blood cells caused by a meteor hitting a flock of bats 
while flying in the sky (Reed, 2006) or even fungal spores (Sampath et al., 2001). 
However, based on the results of their investigation, Louis and Kumar (2006) 
proposed that the red particles might be the fragments of a cometary meteor. The UV 
absorption spectra of the non-diluted red rain reveal two significant peaks, a major at 
505 nm and a minor at 600 nm whereas the UV-visible absorption spectra of the 
diluted rain water show a strong peak at 200 nm (Louis and Kumar, 2006). This 
absorption feature at 200 nm is close to that of the interstellar extinction at 217.5 nm. 
So far, there has been no additional reports to support these findings.
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1.6. Hypotheses of Panspermia
The theory of panspermia posits that living organisms can exist and develop in the 
Universe where the environment is favourable (Thomson, 1871). This theory suggests 
that life exists, first in an extraterrestrial place and subsequently migrates to Earth 
where it developes. A more clearly defined theory of Panspermia was introduced by 
Arrhenius (1908) who proposed the following: that germs would have ejected from 
planets outside the solar system and would have been scattered in the galaxy where 
carried by the radiation pressure of stars, they would finally have encountered and 
infected our planet.
The theories of panspermia were bom during the 19th century, but its meaning has 
only changed in the middle of the last century (Raulin-Cerceau et al., 1998). A 
variation of Arrhenius theory was presented in the 1950s by Otto Struve who 
suggested that life may be carried from planet to planet by intelligent intervention 
(Raulin-Cerceau, 1998). This proposal was followed in subsequent years by other 
hypotheses, one of which speculated that life arose on Earth because some 
extraterrestrial organisms were deliberately transmitted to Earth by intelligent beings 
on another (extra-solar) planet in order to develop life on Earth (Crick and Orgel, 
1973). Hoyle and Wickramasinghe (1979) proposed a more convincing idea that 
bacteria carried by comets came from space and seeded the Earth.
The modem concept of panspermia associates the origin of life on Earth with organic 
materials (including seeds and microorganisms) in space, and has been described by 
many contemporary researchers including Hoyle and Wickramasinghe (1991), and 
Rothschild and Mancinelli (2001). The organic compounds found in the Murchison 
meteorite have been shown to be of non-terrestrial origin (Martins et al., 2008), and 
the discovery suggests that they may come from outer space.
The suggested mechanisms for panspermia include radiation pressure (Arrhenius, 
1903; Hoyle and Wickramasinghe, 1991), lithopanspermia or microorganisms 
transported in rocks (Melosh, 1988) and directed panspermia from an intelligent
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source in space to seed Earth (Crick and Orgel, 1973), or from Earth to seed other 
solar planet (Mautner, 1997).
Cockell (2008) has posed the question of whether planets and the solar system are 
bio-geographical islands or whether they can exchange biological materials. We know 
that on Earth, microorganisms can be dispersed from one region of a continent to 
another and they can also be dispersed from one continent to another. So far, no 
evidence has been provided that this kind of regional distribution occurred between 
planets within the Solar System. As Cockell (2001) has suggested, for an organism to 
be transferred from one planet to another, it must survive several dispersal filters in 
the following order:
(i) the ejection of organisms from a planetary surface (as a result of an asteroid 
or comet collision) involves extreme physical forces (acceleration, shock and high 
temperatures), which the organisms must first survive.
(ii) following the transit through the atmosphere, the organisms must survive 
the interplanetary transport or interstellar transfer, during which they are subjected to 
extreme environments such as long-time dessication, low temperatures and stellar 
radiation.
(iii) organisms must also survive on entering the atmosphere of the host planet 
and be able to thrive under the new physical and chemical conditions offered by the 
host planet.
A lingering question is whether life-forms do really exist in planets beyond Earth or 
whether it is worth considering the possibility of panspermia (the transport of life 
from one planet to another). Since the theory of panspermia was proposed, it has been 
the highly debated issue. After many decades of scientific studies about 
extraterrestrial life, the question still remains unanswered today of how the first living 
creatures came to existence. Interplanetary transfer of material is well documented, as 
evidenced by images taken by spacecraft and meteorites of Martian origin found on 
Earth. However, claim that these meteorites carry evidence of extraterrestrial micro­
organisms or even viable dormant life-forms, is hotly disputed.
28
Critics of panspermia have argued that living organisms cannot survive long in space 
due to extreme environmental conditions. The critics argue that most damage to living 
microorganisms exposed to space is due to UV radiation. Dose et al. (1995) reported 
that the organism (Deinococcus radiodurans) did not survive 7 months in space and 
its DNA had extensive breakage. Furthermore, Nicholson et al. (2000) pointed out 
that Bacillus subtilis spores in a monolayer are killed within minutes of being exposed 
to the UV radiation.
The counter-argument to the above critics has been presented in recent years by a 
series of space experiments and calculations (Wickramasinghe et al., 2010). The 
findings suggest that terrestrial organisms could withstand UV radiation in space if 
they are protected by a thin layer of carbon. Nicholson et al., (2000) reported that 
Bacillus subtilis spores in a multilayer or mixed with glucose, can survive for years in 
space and that this evidence was provided by the Long Duration Exposure Facility 
and BioPan space experiments. Moreover, Mancinelli and Klovstad (2000) also 
confirmed that Bacillus subtilis spores in a monolayer shielded by a dust layer of 10 
pm thick, can survive for weeks and probably years when exposed to a simulated 
martian UV-radiation flux.
1.7. Interstellar Dust Models
I.7.1. Interstellar Spectral Observations
Interstellar dust is now known to play an important role in astronomy 
(Wickramasinghe, 1967). In galaxies, the dust absorbs energy from starlight. This 
energy is re-radiated at infrared (IR) and far-infrared (FIR) wavelengths. 
Spectroscopic absorption features allow the identification of specific components of 
grains, some of which features are observed in the diffuse interstellar medium (ISM). 
The Unidentified Infrared Bands UIBs are the prominent features in the diffuse ISM 
(Onaka et al., 1996) and their principal emission is centered at 3.3, 6.2, 7.7, 8 .6  and
II.3 pm wavelengths (Hennings et al., 1998; Ehrenfreund et al., 2002; Reynaud et al., 
2001; Cataldo et al., 2004). Other spectral observations include the infrared 
interstellar absorption bands at 9.7 pm and 18 pm with the Si-O stretch and Si-O-Si
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bending modes in amorphous silicates and the attribution of the infrared interstellar 
absorption feature at 3.4 pm to CH stretch transition in aliphatic hydrocarbon solids 
(Witt, 1999).
An interstellar absorption band centred at 217.5 nm (2175 A) with a half-width at full 
maximum of ~ 25 nm (250 A) in the range of UV-visible wavelengths was also 
discovered in the spectra of most reddened stars (Stecher, 1965; Wickramasinghe, 
1967; Fitzpatrick and Massa, 1990; Bradley, 2005). This feature was first detected by 
the Aerobee rocket observations (Stecher, 1965; Wang et al., 2004), and later 
observed by the International Ultraviolet Explorer (IUE) satellite (Stecher, 1969). 
Several studies have demonstrated that the 217.5 nm extinction feature is associated 
with the presence of biomaterials in space such as microroganisms (Hoyle et al., 1985; 
Yahushita et al., 1986), polycyclic aromatic hydrocarbons, PAHs (Duley and Seahra, 
1999; Muthumaraippan et al., 2008), coal (Papoular et al., 1996 ; Li and Greenberg, 
2003), quenched carbon composite (Li and Greenberg, 2003) and hydrogenated 
amorphous carbon (Mennella et al., 1996). However, the exact carrier responsible for 
this feature is still controversial.
Interstellar Emission Features have also been detected in the interstellar gains in the 
form of Extended Red Emission (ERE). The intense ERE was detected in the diffuse 
ISM of the Milky Way Galaxy (Gordon et al., 1998; Szomoru and Guhathakurta, 
1998a), in the reflection nebulae (eg. the Red Rectangle) (Schmidt et al., 1980), in 
planetary nebulae and in external galaxies (Szomoru and Guhathakurta, 1998a; 
Gordon et al., 1998). The ERE consists of an emission extending from 550 nm to 900 
nm with a peak near 660 nm. The analysis of spectral properties of dust allows the 
determination of the composition of dust, size distribution of particles, the intrinsic 
luminosity of stars and the total mass of dust (Draine and Li, 2007). For laboratory 
study of interstellar grains, dust models with acceptable properties should be 
generated. The search for such models has progressed significantly in the last decade. 
A comprehensive model for interstellar grains should provide detailed information on 
the following characteristics that are fully consistent with those of interstellar 
environments: composition, size distribution, optical properties, physical structure and 
shape, extinction, scattering, polarization and emission properties, spectroscopic 
absorption and emission features, and the abundances of refractory elements in the
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interstellar medium (ISM) and their observed depletion patterns (Hoyle and 
Wickramasinghe, 1990; Witt, 1999).
1.7.2. Proposed Models
A number of terrestrial models have been proposed in early studies to mimic 
extraterrestrial objects, some of which are briefly described as follows:
• The Silicate-Graphite Model
Hoyle and Wickramasinghe (1969) first proposed a grain model involving a mixture 
of graphite and silicate grains. The same model was developed further by Mathis et al. 
(1977) and Draine and Lee (1984). This model consists of two separate types of 
spherical particles, graphite and silicate. The two species form in two different types 
of basic chemical environments. In one case, all available C atoms make CO, and the 
available excess O-atoms form silicates and metal oxides. In the other case, all O- 
atoms make up CO and the free C-atoms form graphite and carbonaceous molecules. 
Attempts have been made by Draine and Lee (1984) and Draine and Anderson (1985) 
to refine the silicate graphite model. These include adoption of better optical constants 
for ‘astronomical silicates4 and ‘astronomical graphites’ to provide a better fit to the 
interstellar curve. However, since there is no terrestrial material that matches the 
requirements for either, this procedure is arbitrary and highly suspect (Hoyle and 
Wickramasinghe, 1990). Ad hoc adjustments also add a population of nanoparticles 
ranging from 0.3 nm to 5 nm to ensure that the near IR-continum emissions as well as 
that of UIBs are included.
• Silicate Core-Carbonaceous Mantle Model
A model known as Core-Mantle Model has been proposed by Wickramasinghe (1967) 
and Greenberg and his colleagues (Greenberg and Hong, 1974; Hong and Greenburg, 
1980; Li and Greenberg, 1997). This model is based on the concept that the bulk of 
the carbonaceous material in the ISM is in the form of an organic refractory residue, 
which formed a mantle on the surface of silicate grains. This model was later
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modified to include polycyclic aromatic hydrocarbon, PAH, known as the silicate- 
graphite-PAH model (Siebenmorgen and Krugel, 1992; Li and Draine, 2001b; 
Weingartner and Draine, 2001a).
The model thus includes large core-mantle grains containing most of the mass, small 
grains of carbonaceous graphite having the 2175 A feature, and a population of PAH 
molecules that give rise to the far -UV extinction and is also the source for the 
emission of UIBs. Although this model can be made to match the infrared spectrum of 
dust emission, it also has the following drawbacks: (i) the population of small 
carbonaceous grains is poorly characterised; and (ii) it shows no polarisation in the 
3.4 pm C-H aliphatic hydrocarbon feature on the sight line of sources, where the 9.7 
pm Si-O silicate band is reported to be polarised (Adamson et al., 1999; Li and 
Greenberg, 2002; Chiar et al., 2006).
• The composite model
This model was originally proposed by Mathis and Whiffen, (1989). It considers the 
dust to be low density aggregates of small silicate and carbonaceous particles (Mathis, 
1996; Zubko et al., 2004). This model either produces a FIR emission that is too flat 
(Draine, 1994) or emits too much the FIR (Dwek, 1997) as compared to astronomical 
data.
• The Post-IRAS Model
Desert et al. (1990) proposed a dust model which takes into account three populations 
of grains of different sizes: big grains (110-15 nm), small (15-1.2 nm) and PAHs (1.2- 
0.4 nm). Witt (1999) claimed that although this model correctly predicts the UIB 
emission, it may be insufficient to explain the observations of interstellar polarisation 
and near-IR scattering. It is also inconsistent with the population of interstellar grains 
found within the solar system.
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• Organic- Biological Model
Hoyle and Wickramasinghe (1982) have established an organic model for the 
interpretation of interstellar extinction, which consists of three main components: 
graphite spheres (20 nm radius), small dielectric spheres (40 nm radius) and hollow 
dielectric cylinders (0.66 nm diameter). Based on the analysis of the interstellar 
extinction, they further proposed that the dielectric grains are mainly composed of 
organic material. On the other hand, Jabir et al. (1983) have proposed a three 
component grain model made up of bacterial grains in the form of long hollow 
needles, graphite spheres (20 nm radius) and dielectric spheres (40 nm radius). This 
model is found to correlate well with the observed features of interstellar dust.
Al-Mufti (1985) reported that the organic and biological models which include 
microorganisms such as E. coli, diatoms, yeast, and blue-green algae were found to 
produce infrared spectra that could match the astronomical observations over a wide 
range of wavelengths regardless of size and shape. He further confirmed that a good 
agreement was obtained between the spectra of a mixed culture of diatoms and the 
emission spectra of the Trapezium Nebula.
1.7.3. Carriers of Interstellar Bands
• Polycyclic Aromatic Hydrocarbons (PAHs)
PAHs are important constituents of the interstellar medium (ISM), and show 
absorption features in stellar spectra. They have been proposed as the possible carriers 
of the diffuse interstellar bands (DEBs) and hundreds of other absorption bands in the 
optical and near-infrared spectra of stars reddened by interstellar material (Crawford 
et al., 1985; Puget and Leger, 1989).
PAHs are also the postulated carriers of the mid-infrared emission features observed 
in the interstellar medium (Puget and Leger, 1989; Allamandola et al., 1985, 1989), 
and of a diffuse IR emission detected at high Galactic latitude (Watson et al., 2005; 
Hildebrandt et al., 2007). Furthermore, PAHs are considered good candidates for
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carriers of the unidentified Infrared bands (UIBs) because of their spectroscopic 
properties and their stability against photodissociation in strong UV fields (Le Page et 
al., 1999). PAH exhibit particularly strong absorption in the UV (Witt, 1999).
• Naphthalene
Naphthalene is generally thought to be the simplest PAH; it has been detected in 
meteorites (Watson et al., 2005), and has been reported to exhibit a UV spectral 
feature centred at 2175 A (Beegle et al., 1997). Iglesias-Groth et al. (2008) performed 
high resolution optical spectroscopy of Cemis 52 (BD+31640), a reddened star 
located in a region of the Perseus molecular cloud; they have recorded a spectrum 
between 3800 A and 1 0 0 0 0  A, which display features within the range of 5800-6800 
A. These features are thought to be of interstellar origin, with wavelengths and 
strengths consistent with those of naphthalene. On the basis of these observations, 
Iglesias-Groth et al. (2008) suggested that the simplest PAHs molecules are the 
carriers of diffuse interstellar bands and diffuse IR emission in particular.
• Anthracite
According to Popular et al. (1993), coal can be used as a model for carbonaceous 
interstellar grains; they found that anthracite produced a feature that matches the 
interstellar extinction at 2175 A. Coal is known to consist essentially of three 
abundant elements, C, H and O (1:0.5:0.02 atomic concentrations), and provides a 
class of natural models for the interstellar dust. Its main insoluble organic constituent, 
termed kerogen, exhibits all unidentified infrared bands (UIBs). The major elements, 
H, O and C, form hydrocarbon functional groups that are responsible for the vibration 
bands that mimic the UIBs. The study carried out by Popular et al. (1993) has 
demonstrated that coal is the carrier of n -resonance associated with the UV 2175 A 
absorption band. As suggested by Cataldo et al. (2004), coal can be an interesting 
model for the carrier of the UEBs.
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1.8. Aims and Objectives of Study
As suggested by Javaux (2006), astrobiology involves multidisciplinary fields of 
study, namely astronomy, astrophysics, biochemistry, chemistry, geology, 
microbiology, molecular biology, ecology of extremophiles, palaeontology, and space 
exploration. The explosion in the 20th century of research interests in such diverse 
areas has brought to light some questions and consolidated some hypotheses of 
panspermia. However, some basic issues still remain unresolved, such as whether life 
is an extension of complex organic chemical evolution or whether there is a 
discontinuity, for instance from chemical to biological, in the type of evolution.
The discovery of many organic molecules in interstellar and planetary environments 
has at least provided some proof of a universal organic or biological chemistry. 
Examples of such chemistry in the early solar system have been found in the 
carbonaceous meteorites. Their organic material is composed of biogenic elements 
such as carbon, hydrogen, nitrogen and oxygen, and these elements have a long 
cosmic history (Pizzarello, 2006). The complex organic molecules found in 
astrophysical sources were probably formed in diverse environments from gas and 
dust of the interstellar clouds to small solar system bodies (Wood and Chang, 1985). 
Since the last century, much information about the organic chemistry of the Universe 
has been obtained from the analyses of extraterrestrial materials, space missions and 
astronomical observations. As pointed out by Wickramasinghe (2010) a large fraction 
of the molecules found in interstellar clouds may represent degradation products of 
biology, rather than as steps towards biology. The former possibility links up with the 
theory of panspermia (Hoyle and Wickramasinghe, 2000).
The focal point of the present study involves laboratory analyses of samples collected 
from various locations on Earth and at high altitudes. The aim of the laboratory work 
is to search for bio-signatures (if any) in these samples, which may have a bearing on 
the origin of life on Earth or to its transport from elsewhere.
35
The specific aims and objectives of the investigation are as follows:
• To analyse the following biological materials by Fourier transform infrared 
spectroscopy: algae (Oedogonium sp.), two bacteria (B. cere us, S. aoureus), poppy 
seed, biological pigments (chlorophyll a & b), three species of seaweed (.Enteromopha 
intestinalis, Pelvetia canaliculata and Fucus vesiculosus) and grass (.Panicum 
maximum). The result of the analysis will be compared with those astronomical 
observations reported in earlier studies. The comparison may reveal some 
characteristics of the biological materials having a significant number of spectral 
features that match those of astronomical objects. The findings may form a basis for 
proposing the potential choice for the study of interstellar medium (Chapter 3).
• To determine the infrared absorption spectra of graphite, anthracite, 
bituminous coal and naphthalene by FTIR. The resulting spectra will be analysed to 
see if they show any correlation with those astronomical observations, in particular 
UIBs and PPNe (Chapter 4).
• To determine by UV-Vis spectroscopy whether any of the following 
laboratory models produces a feature that perfectly fits the interstellar extinction 
observation of 217.5 nm (2175A). The result could give an insight into the absorption 
properties and hence into the nature of their degradation from the astrobiological 
perspective (Chapter 5).
• To investigate whether there are traces of organic materials and or microfossils 
in two meteorites (Tagish Lake, Chapter 6  and Canrancas, Chapter 7) using electron 
microscopy, X-ray nanoprobe analysis and infrared spectroscopy.
• To examine the astrobiological aspects of a Kerala red rain sample supplied by 
Prof. Godfrey Louis (Kerala, India) using electron microscopy, X-ray nanoprobe 
analysis and FTIR, fluorescence and UV-Vis spectroscopy (Chapter 8 ).
• To identify the nature of aerosols in stratospheric air samples collected from a 
balloon flight at altitudes between 38 and 41 km. This study is intended to confirm
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whether the samples are organic in nature and or there is any presence of 
microorganisms (Chapter 9).
The results obtained from this investigation would provide evidence to support the 
theory of panspermia, which proposes that life is a cosmic phenomenon, and that life 
on earth comes from a vast cosmic environment (Hoyle and Wickramasinghe, 2000).
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CHAPTER 2 
General Materials and Methods
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2.1. Materials
The important instruments and materials used in the present study are described in this 
chapter. Details of other specific materials are appropriately given in the subsequent 
chapters of this thesis.
2.1.1. Major Laboratory Instruments
2.1.1.1. KBr Die Assembly
This assembly unit is supplied by SPEC AC Ltd., Kent, UK. Its use is to embed a 
sample of interest into dried KBr powder under a high vacuum and a pressure of about 
10  tons cm 2 to form a light-transmitted thin disc for use in conjunction with an 
infrared spectrometer.
(1) Hydraulic P ress
(3) Evacuable Pellet D ies
(2) Grinding and Blending Mill
Fig.2.1: KBr die assembly. (1) Hydraulic press consisting of a chamber (a) where 
sample is placed, a pressure lever (b) and a pressure gauge (c). (2) Grinding and 
blending mill for crushing sample. (3) Evaccuable pellet Dies where the sample is 
sandwiched between the two metal discs.
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2.1.1.2. Fourier Transform Infrared Spectrometer
The present study uses a Fourier Transform Infrared Spectrometer (JASCO Model 
FT/IR-660 Plus series) to analyse KBr embedded samples. This spectrometer is 
designed to allow the IR light to be guided through an interferometer. The FTIR 
spectrometer allows multiple samples to be measured and averaged together, thus 
resulting in an improvement in sensitivity. Due to this advantage, almost all infrared 
spectrometers used nowadays are FTIR instruments.
The model is supplied by JASCO Ltd. with the following specifications:
• Measurement of wavenumber range: 7800 to 350 cm" 1
• Resolution: 0.5, 1, 2, 4, 8 , 16 cm" 1
• Optical system: Single beam
• Sample chamber: 200mm (W) x 260mm (D) x 185mm (H)
• Sample chamber light path:
Centre focus, light axis 70mm high 28° incident 
Michelson interferometer
• Light source: Ceramic. [Optional] Halogen lamp, water-cooled mercury light 
source.
• Signal to noise ratio: 25,000:1 (4cm" 1 at near 2,200cm"1)
• Gain switching: Auto.
2.1.1.3. Ultraviolet-Visible Absorption Spectrometer
The basic parts of this instrument include a light source, a sample holder, a diffraction 
grating or monochromator and a detector. The radiation source (300-2500 nm) is a 
filament made of tungsten, a deuterium arc lamp light emitting diodes (LED) and 
Xenon Arc Lamps for the visible wavelengths. The detector is a photodiode which is 
used with monochromators to filter the light. The diffraction gratings are used to 
collect light of different wavelengths on different pixels. The model of UV-Vis 
absorption spectrometer used in the present study is JASCO V-570 UV/VIS/NIR 
spectrophotometer with the following specifications:
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• Optical system: Double beam system with single monochromator
UV/VIS region: 1200 lines/mm plane grating.
• Resolution: 0.5 nm (UV/VIS region)
• Light source: Deuterium lamp: 190 to 350 nm
Halogen lamp: 300 to 2500 nm
• Wavelength accuracy: ±1.5nm
• Spectral band width: 0.4, 0.8, 2, 4, 8 , 20, 40 nm
L8 , L20 and L40 nm (with half slit height).
2.I.I.4. Microscopes and Ancillary Equipment
The following microscopes and ancillary equipment are used.
2.1.1.4.1. Light Microscope
The light microscope used in the present study is Olympus BH2 fitted with four 
objective lenses (lOx, 20x, 40x, lOOx) and lOx eyepiece .
2.1.1.4.2. Transmission Electron Microscope
The transmission electron microscope used in the present study is Philips TEM 208 
(FEI Co. Ltd, The Netherlands). This is a basic high contrast electron microscope that 
can be operated at a maximum accelerating voltage of 100 kV and at a maximum 
magnification of 180,000 x. The imaging system is fitted with a series of magnetic 
coils that function as lenses (2  condensers for electron beam focusing and 
illumination, 1 twin objective for image formation and 2  projectors for image 
magnification). The electron images are viewed on a fluorescent screen and 
photographed on Kodak 4489 cut film. The present study used an accelerating voltage 
of 80 kV and magnifications ranging from 5,000x to 50,000x.
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2.I.I.4.3. Scanning Electron Microscope
The present investigation used a Philips XL 20 SEM (FEI Co. Ltd, The Netherlands) 
to examine the surface structure of samples of interest. It can be operated at different 
accelerating voltages (5-30 kV) and with magnifications ranging from 20 x to 200 000 
x. This SEM is fitted with a series of magnetic condenser lenses and a pair of 
deflecting coils. These coils focus the electron beam to a small spot of about 0.4 nm to 
5 nm, which is scanned in a raster fashion over the sample surface. A detector collects 
secondary electrons that are emitted by inelastic scattering as a result of the 
interaction between the incident electrons and sample. These secondary signals are 
electronically filtered by an amplifier to produce a 3D-image of the sample. The 
image is then digitally captured on a high resolution cathode ray tube, and displayed 
on a computer monitor screen. The image can be either stored on the SEM hard drive 
and a zip drive for future scanning on a CD or memory stick or photographed directly 
onto a roll film for further processing. This SEM requires that biological samples 
must be fixed in aldehydes, dehydrated and gold coated prior to examination.
2.1.1.4.4. Environmental Scanning Electron Microscope
The environmental scanning electron microscope used in the present study, is Philips 
ESEM-30XL- FEG (FEI Co. Ltd., The Netherlands). It allows samples to be observed 
in low-vacuum and high humidity. The system is fitted with apertures that can limit 
pressure under differential pumping. This design allows the vacuum to be separated 
around the gun and lenses from the sample chamber. The ESEM is especially useful 
for routine examination of unfixed and uncoated biological samples. This has several 
advantages over a conventional SEM since coating may conceal small features on the 
surface of the sample and therefore reduce the image resolution. Unlike the 
conventional SEM, the ESEM allows X-ray microanalysis be performed on uncoated 
non-conductive specimens. In brief, the ESEM is a new innovation in scanning 
microscopy since it is specifically designed to study wet and fresh samples without 
prior specimen preparation or gold coating. Samples can also be examined in water 
vapour or other gasses such as CO2 or N2 at near atmospheric pressures.
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2.I.I.4.5. Energy Dispersive Analyser of X-rays (EDAX)
The EDAX systems used in the present study include: EDAX/Genesis fitted into 
Philips CM 12 transmission electron microscope and Oxford INC A Energy EDS into 
ESEM -3-XL 30 FEI scanning electron microscope. These analytical systems are used 
specifically for the identification and quantitative analysis of chemical elements; both 
of them consist of four primary components: beam source, X-ray detector, pulse 
processor and analyser.
2.1.2. Chemicals
All chemicals used in this study were purchased from Sigma-Aldrich Ltd., unless 
otherwise stated.
2.I.2.I. KBr for Infrared Spectroscopy
Potassium bromide (KBr) is available as a white crystalline powder. It is an ionic salt 
readily soluble in water. The physico-chemical properties of KBr are summarised in 
Table 2.1.
Table 2.1: Pysico-chemical properties of KBr
Chemical formular KBr
Molar mass 119.01 g/mol
Appearance white solid
Density 2.75g/cm3
Melting point 734 °C
Boiling point 1435 °C
Solubility 53.5 g/100 ml (0 °C) in water
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2.I.2.2. Cyclohexane for Ultraviolet -Visible Spectrophotometry
Cyclohexane (C6H12) is a colorless nonpolar solvent with a mild, sweet odor 
resembling that of chloroform or benzene. The use of a non-polar solvent eliminates 
the effect of wavelength-shifts. Due to its unique chemical and conformational 
properties, cyclohexane is also used in laboratories as a standard for biochemical 
analysis.
Table 2.2: Physico-chemical properties of cyclohexane
Chemical formula c 6h 12
Molar Mass 84.16 g/mol
Appearance colorless clear liquid
Density 0.779 g/cm3
Melting point 6.47 °C
Boiling point 80.7 °C
Solubility Insoluble in water
2.I.2.3. Chemicals for Electron Microscopy
All chemicals used for electron microscopy in the present study are obtained from 
Agar Scientific Ltd. (Stansted, Essex, UK).
• Glutaraldehyde (C5H8O2)
Glutaraldehyde has a strong and irritable odor. Commercially supplied in liquid 
form, it has been used for sterilisation of medical and dental equipment as well as 
for industrial water treatment. Glutaraldehyde is also used in biochemistry as an 
amine-reactive homo-bifunctional crosslinker. It was later found to be an effective 
primary fixative in biological electron microscopy applications since it proved to 
have the ability to cross-link cellular proteins, hence preserving fine structure of 
cell membranes. The chemical properties of glutaraldehyde are summarised in 
Table 2.3.
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Table 2.3: Physico-chemical properties of glutaraldehyde
Chemical formula c 5h 8o 2
Molar mass 1 0 0 .1 2  g/mol
Appearance Clear liquid
Density 1.06 g/mL
Melting point -14 °C (259 K, 7 °F)
Boiling point 187 °C( 460 K, 369 °F)
Solubility Miscible in water
• Osmium tetroxide (OSO4)
Osmium tetroxide is a crystalline solid with light yellow-brown colouration. Its 
vapour is highly toxic and has a characteristic acrid odor. In solution, osmium 
tetroxide appears clear, but can turn yellow or brown when osmium dioxide (OSO2) 
impurities are present. In electron micoscopy, OSO4 is widely used as a post-fixative 
after glutaraldehyde fixation. It is used to fix lipids as well as to stain cell membranes.
Table 2.4: Physico-chemical properties of osmium tetroxide
Chemical formula o so 4
Molar mass 254.23 g/mol
Appearance clear or pale yellow translucent solid
Density 4.9 g/cm3 (solid)
Melting point 40.25 °C
Boiling point 130 °C
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2.2. M ethods
2.2.1. Infrared Spectroscopy
2.2.1.1. Principles of Infrared Spectroscopy
Infrared (IR) spectroscopy is an important tool in organic chemistry. It measures 
different types of inter-atomic bond vibrations at different frequencies. The energy at 
which a typical molecule absorbs infrared radiation is shown in Fig. 2.2. The IR 
absorption is represented in the form of a spectrum with wavelength (X) or wave- 
number (v) as the x-axis and percent transmittance or absorption intensity as the y- 
axis. The wave-numbers can be converted into wavelengths by using the equation, 
v=l/A,. By definition, the wave numbers (cm 1) represent the number of waves per unit 
length; they are proportional to frequencies and also the energy of IR absorption. On 
the other hand, the wavelengths (pm) are inversely proportional to frequencies and 
their relevant energy. The IR absorption spectra show types of bonds that are present 
in the sample. The data also provide information on the structure and identity of 
compound and its purity. An IR spectrum can be considered either as a property of the 
molecule as a whole or as a composite of individual absorptions from various 
components of the molecule.
The IR spectra of organic compounds have two different characteristics: the vibration 
modes with single bonds, and those of a functional group (with multiple bonds). This 
distinction divides the spectrum into two regions. The first region is above 1500cm'1 
where the majority of absorptions are caused by stretching mode of multiple bonds 
(C=C, C=C, C=0, C=N, C=N). The second is below 1500 cm-1 where absorptions are 
caused by C-X single bond stretching modes as well as other vibration mode. Since 
absorptions that are due to CH stretches, are also found around 3000 cm" 1 (as shown 
in Table 2.6), these distinctions are therefore not always absolute.
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Fig. 2.2: Absorption of radiation by molecules (adapted from Housecroft and 
Constable, 2002). Most molecules are in the ground state whereas a small number of 
molecules are in the higher states. In IR spectroscopy, the IR radiation excites the 
molecule from the ground state to the first excited quantum state. The motion in a 
particular group can cause vibration in a molecule. However, not every vibration 
within a molecule causes an absorption band in the infrared region.
Table 2.6: Approximate ranges of stretching frequencies of O-H, N-H, S-H and C-H 
bonds (taken from Housecroft and Constable, 2002)
Group Typical frequency ranges of absorption 
bands (cm 1)
O-H 3600-3200 (broadened by hydrogen 
bonding)
N-H 3500-3300
S-H 2600-2350 (weak absorption)
C-H (sp3 carbon) 2950-2850
C-H (sp2 carbon) 3100-3010
C-H (sp carbon) -3300
Absorption of Rodlatlon by Molecule
IR V is ib le UV
>-Occ
I t id vlb. lev e ls
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2.2.1.2. Sample preparation for FTIR
In order to run the FITR spectrometer, the sample must be embedded in a KBr disc 
according to the following protocol:
1. Transfer sample (approx. 0.5 mg) and dried KBr powder (approx. 20 mg of 
spectroscopic grade purity) into an agate mortar.
2. Grind the mixture in the mortar using an agate pestle until a fine powder is 
obtained.
3. Transfer the mixture into a small grinding and blending mill (SPECAmill ™, 
Kent, UK).
4. Allow the mixture to vibrate in the mill vigorously with 3 spheres inside the 
sample capsule for 1 0  mins.
5. Dry the sample in a high vaccum unit (Edward 360, Stansted, UK) for 3-4 hours.
6 . Transfer the ground mixture into the Evacuable Pellet Dies ( SPEC AC Ltd, 
Kent, UK). This is done carefully in such a way that the sample is sandwiched 
between the polished faces of the two die disc (13mm diameter).
7. Carefully insert the plunger.
8 . Transfer the die assembly into a hydraulic press.
9. Connect to a High Vacuum pump.
10. Gradually increase pressure up to 10 tons cm 2.
11. Slowly release the pressure after several seconds.
12. Carefully release the vacuum pressure.
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13. Remove the die from the press.
14. Carefully dismantle the die to retrieve the sample.
15. Transfer the KBr disk to a spectrometer disk holder without touching the faces 
of the disk.
2.2.2. Ultraviolet-Visible (UV-Vis) Absorption Spectroscopy
2.2.2.I. Principles of UV-Vis Absorption Spectroscopy
UV light is detected below the range visible to the human eye. It can be divided into 
four distinct spectral regions: Vacuum UV (100 to 200 nm), UV-C (200 to 280 nm), 
UV-B (280 to 315 nm), and UV-A (315 to 400 nm). It is noteworthy that the UV-C 
spectrum ( 2 0 0  to 280 nm) is the most harmful range of wavelengths for 
microorganisms. The UV/Vis spectrophotometer measures the intensity (I) of the 
transmitted light that passes through a sample, and compares it with that of incident 
light (Io). The transmittance (T) is the ratio of transmitted intensity (I) to the incident 
intensity (Io), and is expressed as percentage (%T). The UV-Visible absorption (A) is 
equal to -log (%T/100). An absorption spectrum shows a number of absorption bands 
which correspond to structural groups within the molecule. The absorbance (A) is 
proportional to the path length (b), and the concentration (c) according to the 
following Beer's Law: A = cbc, where (c) is a constant of proportionality.
Electrons of an atom become excited as a result of energy absorption. In a molecule, 
the atoms interact with each other by rotational and vibrational transitions. There are 
three types of electronic transitions: transitions involving n, o, and n electrons, 
transitions involving charge-transfer electrons, and transitions involving d and f 
electrons. The present study is concerned with the first type of transitions since it is 
related to organic molecules. These transitions are briefly described as follows:
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Transitions involving n9 a, and n electrons
a  —> a* Transitions
An electron in a bonding a  orbital can be excited to the anti-bonding orbital. This 
transition requires high energy. However, the spectra of typical UV-Vis (190 - 800 
nm) does not show this transition (a —> a*) which is below this range.
n —> o* Transitions
A non-bonding electron in ‘n’ orbital is excited to the anti-bonding orbital which 
requires less energy than a —> a  * transitions. It can be triggered by light of which the 
wavelength is between 150 - 250 nm.
n —> tz and n —»ii Transitions
An electron in a non-bonding orbital ‘n’ is excited to the corresponding anti-bonding 
orbital tC. In the case of % —» %* transitions, these are formed by the excitation of an 
electron from a bonding n orbital to the anti-bonding 7t*orbital. The absorption peaks 
for these transitions can be generated within the spectral range of 200-700 nm. 
Therefore, absorption spectroscopy of organic compounds is mostly based on these 
transitions.
Furthermore, solvent also has an effect on the spectrum. By increasing the polarity of 
the solvent, the peaks shift to shorter wavelengths (blue shift) from the n —> n* 
transitions. On the other hand, decreasing the solvent polarity often causes the peaks 
to shift to longer wavelengths (red shift) from n —> 7t* transitions.
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Fig. 2.3: Diagram showing possible electronic transitions of 7t, a, and n electrons 
2.2.2.2. Sample preparation for UV-Visible Spectroscopy
For use with UV-VIS spectroscopy, samples were dissolved in a solvent such as 
cyclohexane.
The sample (65 mg) was mixed with an appropriate solvent (500 pi), agitated for a 
few minutes and allowed to stand still on the bench for 5 min to allow the 
sedimentation to settle. Clear solution (100 pi) was carefully pipetted out from the top 
and placed in a test tube containing the solvent (3.5 ml). The tube was briefly agitated 
and transferred into a spectrophotometer (JASCO V-570 UV/VIS/NIR 
spectrophotometer).
2.2.3. Fluorescence Spectroscopy
2.2.3.I. Principles of Fluorescence Spectroscopy
Fluorescence spectroscopy is commonly used in biochemistry and molecular 
biophysics. It involves transitions from the excited state to the ground state. At room 
temperature, the lowest level of vibration in the ground electronic state is occupied by 
most molecules. When energy is absorbed, these molecules are elevated to an excited 
state, and a series of absorption bands are produced. After reaching one of the high 
levels of the excited state, the molecule loses its energy through collision and then 
falls to the lowest level of the excited state. The molecules further lose their energy
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until they reach the lowest level of vibration in the first excited state from which they 
can return to any of the levels of the ground state. This event leads to the emission of 
energy in the form of fluorescence.
2.2.3.2. Sample Preparation for Fluorescence Spectroscopy
The method of preparation is exactly the same procedure as described in 2.2.2.2.
2.2.4. Microscopy Methods
2.2.4.I. Principles of Microscopy
Light microscope is used to examine an object of interest. Its optical components 
consist of a light bulb and a series of glass lenses that have the ability to illuminate the 
object and magnify its image. These lenses include a condenser, objectives of 
different magnifications and an eye piece of fixed magnification. Microscopes of 
today are now equipped with a digital camera to record images which are shown 
directly on a computer screen without the need for expensive eye-pieces. There are 
several types of light microscopes namely, brightfield, phase contrast, fluorescence, 
confocal scanning and polarization.
The resolving power of light microscope is limited by the physics of light to 1000 x 
magnification and 0.2 micrometer resolution. These limitations have prompted the 
development of an electron microscope. Transmission Electron Microscope (TEM) 
was first developed in 1931 to respond to this challenge. Scanning electron 
microscope (SEM) was first used in 1942. The Electron Microscope is one of the most 
advanced imaging instruments that use an accelerating voltage of high electron beam 
to resolve image of a very fine object to nanometer scales. The following information 
can be obtained from electron microscopy examination:
• The surface features of an object or topography and its texture
• The shape and size of the object or morphology
• The elements and compounds that make up the object or composition
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An electron microscope operates very much like a light microscope except that the 
former is composed of magnetic coils that function as lenses. The light in the electron 
microscope is produced by a tungsten filament and focused into a narrow 
monochromatic beam by electromagnetism that is accelerated toward the specimen 
through metal apertures using a positive electrical potential. The sample-electron 
interactions produce electron signals which are then elastically transmitted in the case 
of transmission electron microscope (TEM) or back-scattered in the case of scanning 
electron microscope (SEM). Details of imaging and recording are described in the 
above sections: 2.1.1.4.1, 2.1.1.4.2 and 2.1.1.4.3.
2.2.4.2. Sample preparation for Light Microscopy (LM)
Sample of interest is attached onto a microscope slide with a drop of either glycerol or 
balsam gum and protected with a coverslip. Subsequent microsopical observations 
were conducted using one of the appropriate light microscopes as described above in 
Section 2.1.1.4.
2.2.4.3. Sample preparation for Transmission Electron Microscopy (TEM)
1. Fix samples for lhr in glutaraldehyde (2.5 % in 0.1 M phosphate buffer, 
pH7.4).
2. Wash with 2 changes of 0.1 M phosphate buffer (2 x 10 min).
3. Post fix in 1 % osmium tetroxide for 1 hr at room temperature.
4. Dehydrate in a graded series of ethanol concentrations :
30%------ ----- RT----------- lOmin
50%------ -----RT----------- lOmin
70%------ -----RT----------- lOmin
80%...... - -----RT----------- lOmin
90%------ -----RT----------- lOmin
1 0 0 % -——  RT----- ---- lOmin
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100%-----------RT----------- lOmin
100%------------RT---------- lOmin
Propylene oxide—RT...... — lOmin
6 . Infiltrate overnight in a mixture (l:lv/v) of araldite (CY212) and propylene 
oxide.
7. Embed for 2 days at 60 °C in pure araldite.
8 . Cut into 90 nm thick sections with a diamond knife using a Reichert E ultracut 
microtome (Reichert -Jung, Austria).
9. Collect thin sections on pioloform coated copper grids.
10. Counter-stain with 2 % uranyl acetate and Reynolds lead citrate.
11. Carry out observations using a Philips transmission electron microscope as 
described above in Section 2.1.1.4.
2.2.4.4. Sample preparation for Scanning Electron Microscopy (SEM)
The samples are prepared using the same method as described above for TEM with 
some modifications. Following the complete dehydration in 100 % ethanol the 
samples are transferred into a critical point dryer (Samdri 780 CPD, Maryland, USA) 
and dried for 2 hrs under high vacuum (90 bars) using liquid CO2.
The CPD dried samples are mounted on metal stubs, coated with a thin layer of pure 
gold using a gold puttering coater (Emscope Sputter Coater, Model, Kent, UK) and 
examined using a scanning electron microscope as described above in Section 2.1.1.4.
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2.2.5. Energy Dispersive Analysis of X-Rays (EDAX)
2.2.5.I. Principles of EDAX
The EDAX system can be fitted into a transmission (TEM) or scanning (SEM) 
electron microscope. These electron microscopes are equipped with a cathode and 
magnetic lenses which allow a beam of electrons to be focused on the sample. The 
electron beam irradiates the sample, and as a result the photons are scattered 
elastically in TEM or inelastically in SEM. These photons are collected by a detector 
nearby and the signals are amplified by a pulse processor and converted into X-ray 
energy. The processor passes the information onto a computerised analyser for 
spectral display on a monitor screen and for data analysis.
As a type of spectroscopy, the system analyses X-rays which are produced by the 
interaction between electron radiation and sample. Its analytical capabilities are based 
on the fundamental principles that: (i) each element has a unique atomic structure; (ii) 
the X-rays are emitted from a specimen as a result of an electron beam being focused 
onto the sample; and its characteristic X-rays and energies can be specifically 
identified. The following events take place during X-ray excitation. In the absence of 
radiation, an atom in the sample rests in the ground or unexcited state and electrons in 
electron shells remain attached to the nucleus. When the incident electron beam hits 
the sample, it excites an electron in an inner shell of the atom, and the affected 
electron is ejected from the shell, thus leaving a hole. An electron from an outer, 
higher-energy shell then comes to fill the hole. This event leads to the emission of an 
X-ray photon.
Since the energy of the emitted X-rays is determined by the difference in energy 
between the two shells and the atomic structure of the element from which they are 
emitted, the elemental composition of the specimen and X-ray energy can be 
measured using an energy dispersive spectrometer. During the analysis, the electron 
beam should be focused onto the area of interest and the following parameters 
maintain constant throughout: electron beam size, accelerating voltage and analaysis 
time.
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2.2.5.2. Protocols for the preparation of samples for EDAX
The following protocols are used in the present study:
• Red rain cells
1. Place sample on 0.4 pm millipore filter in plastic capsule.
2. Allow to air dry overnight.
3. Attach the millipore filter to metal stub with double-sided sticky tape.
4. Analyse sample using the Philips ESEM -XL30 fitted with an EDAX system.
• Meteorites
1. Embed several fragments of meteorite samples in LR White resin.
2. Polymerise the resin in gelatin capsule at 55 °C for 48 hours.
3. Cut the resin block into 90-100 pm sections.
4. Mount the sections on a pioloform-coated copper grid.
5. Analyse the samples using a Philips CM 12 fitted with an EDAX Genesis 
system.
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CHAPTER 3
Comparison of Infrared Spectra 
of Biological Models with those of 
Astronomical Sources
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3.1. Summary
The present study sets out to determine whether biological materials of terrestrial 
origin can produce characteristic absorptions matching those of astronomical objects. 
The materials selected for analysis by Fourier Transform Infrared spectroscopy 
include: algae (Oedogonium sp.), two bacteria {Bacillus cereus and Staphylococcus 
aureus), poppy seed, two biological pigments (chlorophylls ‘a’ and ‘b’), three species 
of seaweed (Enteromopha intestinalis, Pelvetia canaliculata and Fucus vesiculosus) 
and grass {Panicum maximum).
The results obtained from the analyses confirm that some of these biological models 
produce a series of infrared (IR) features, many of which match those of PPNe and 
UIBs. Algae in particular produces the largest number of absorption peaks, most of 
which match those of the emission spectra of PPNe and UIBs. Furthermore, the 
infrared waveband of algae displays a pattern resembling the Spitzer telescope 
emission spectra of galactic sources depicting PAH emissions as compiled by Smith 
et al. (2007) and shown in Fig 3.9. This evidence suggests that algae could be 
reasonably proposed as a biological model for the spectral interpretation of UIBs and 
PPNe as well as a potential candidate for the study of interstellar medium.
3.2. Introduction
3.2.1. Space observatories
Space observatories such as Spitzer, IRAS, ISO, AKARI and the Herschel Space 
Observatory have been placed in outer space for observations of distant planets, 
galaxies, and other outer space objects. The Infrared Astronomical Satellite or IRAS 
is the first observatory in space to perform an infrared survey of the entire sky. 
Launched in January 25, 1983 on a joint mission between NASA (USA), NIVR (the 
Netherlands) and SERC (UK), the project lasted ten months. The other space 
telescope is the Infrared Space Observatory or ISO which is developed by the 
European Space Agency (ESA), in cooperation with the Institute of Space and 
Astronomical Science (Japan) or ISAS (as part of JAXA) and NASA. The ISO was
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established to study infrared light at wavelengths from 2.5 to 240 jam, and was 
launched on 17 November 1995 from the ELA-2 launch pad at the Guiana Space 
Centre near Kourou (French Guiana). This satellite contained four instruments for 
imaging and photometry as well as for spectroscopy from 2.5 to 196.8 pm . 
Furthermore, the Spitzer Space Telescope, formerly the Space Infrared Telescope 
Facility or SIRTF, is the fourth of NASA’s Great Observatories. This is an infrared 
space observatory and its satellite contains three instruments for imaging and 
photometry from 3 to 180 pm , for spectroscopy from 5 to 40 pm , and 
spectrophotometry from 5 to 100 pm .
The AKARI was launched on 21 February, 2006 by M-V rocket into Earth sun- 
synchronous orbit under the name of ASTRO-F. This infrared astronomy satellite was 
designed by the Japanese Aerospace Exploration Agency in cooperation with the 
institutes of Europe and Korea. Its mission is to survey the entire sky in near, mid- 
and far-infrared, through a 68.5 cm aperture telescope. A consortium of European 
scientists launched the Herschel Space Observatory mission from Kourou (French 
Guiana) under the auspices of the European Space Agency (ESA) on the 16th of April 
2009.
3.2.2. Astronomical observations
Many astronomical sources show a feature centred at -3.4 pm (Willner et al., 1979), 
and have been considered as an ideal choice for studying the properties of interstellar 
dust (Allen and Wickramasinghe, 1981). The unidentified infrared bands (UIBs) were 
first detected in 1973 in the spectra of Galactic planetary nebulae by Gillett et al. 
(1973). Since then, the UIBs have been proposed to belong to a family of emission 
bands observed in the diffuse Galactic emission (Ristorcelli et al., 1994; Tanaka et al., 
1996; Onaka et al., 1996; Mattila et al., 1996), in various celestial objects such as 
reflection nebulae and H II regions (Tokunaga, 1997), in cirrus clouds (Lemke et al., 
1998; Onaka, 2000), and in external galaxies (e.g. Helou et al., 2000; Reach et al., 
2000). The original sources of these features were thought to be PAHs (Leger and 
Puget, 1984; Allamandola et al., 1985).
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The main components of the unidentified infrared bands are centered at 3.3, 6.2, 7.7, 
8 .6 , and 11.3 pm. According to Allamandola et al. (1989), each unidentified infrared 
band is related to different atomic bonds and vibration modes. For example, the 3.3 
pm band is attributed to an in-plane stretching mode of C-H whereas the 6.2 pm band 
to a stretching mode of C-C. The 7.7 pm band is associated with a bending of 
vibration modes of C-C while that of the 8 .6  pm attributed to an in-plane bending 
mode of C-H, and the 11.3 pm band to an out-of-plane bending mode of C-H.
Astronomical sources also include proto-planetary nebulae (PPNe). The infrared 
spectra of PPNe’s appear similar to that of UIBs; they have all the features of UIBs 
(3.3, 6.2, 7.7, 8 .6 , and 11.3 pm). However, detailed observations of the PPNe spectra 
in common reveal that the PPNe have additional features that are usually not detected 
in UIBs, and that these additional features are centered at 3.4, 6.9, 7.2, 12.2 and 13.3 
pm (Hrivnak et al., 2000, Cataldo et al., 2002; Cataldo and Keheyan, 2003).
3.2.3. Organic models for studying interstellar grains
According to the theory of panspermia, early life on Earth may have come from 
elsewhere in the galaxy. Over the past decade, evidence has been presented to support 
this view. The first ever detected polyatomic molecule in the interstellar medium is 
formaldehyde (Snyder et al., 1969). Formaldehyde (H2CO) is the most abundant 
molecular species after H2, H2O and CO, and makes up the essential components of 
polysaccharides with an empirical formula (H2CO)n where n is = 3 or > 3 (Al 
Mufti, 1985). The most common and stable polysaccharide is cellulose with n=6 . Al 
Mufti (1985) argued that cellulose is an ideal model for studying the properties of 
interstellar grain for two reasons. Firstly, it is the most abundant organic compound on 
Earth. Secondly, it is able to survive at high temperatures. According to Shafizadeh 
(1971), the cellulose of wood has been shown to be stable up to 350 °C. Cellulose is 
also an ancient molecule in eukaryotic organisms; therefore, it serves as an important 
signature of early life on Earth. Another important molecule in plants is chlorophyll. It 
remains to be seen whether these major components can be proposed as models for 
the study of carriers of unidentified infrared bands (UIBs) and emission spectrum of 
protoplanetary nebulae (PPNe).
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Cellulose is the most dominant polysaccharide of the cell walls in algae which 
represent one of the most ancient class of organisms on Earth. Algae belong to a 
diverse group of organisms that vary widely in size, shape, colour and habitat. The 
types of algae in marine environments, also known as seaweed, which can be found 
abundantly in the British Isles, include Enteromorpha intestinalis (green seaweed), 
Pelvetia canaliculata (brown seaweed) and Fucus vesiculosus (brown seaweed).
Chlorophylls are found in all plants, algae, and cyanobacteria. According to Gross 
(1991), chlorophylls are the greenish pigments that are responsible for photosynthesis, 
which is the fundamental process of life that converts light energy into chemical 
energy. The pigments absorb light and this absorption causes excitation of electrons 
from their ground state to an excited state because the pigments contain a porphyrin 
ring which is a stable molecule around which electrons are free to migrate. Since the 
electrons move freely, the ring is capable of gaining or losing electrons easily to 
provide energised electrons to other molecules. This is the fundamental process by 
which chlorophyll captures the energy of sunlight.
Microorganisms found on Earth about 1.2 to 1.5 billion years ago, are also responsible 
for cellulose hydrolysis, especially in the rumens of cattle, and also known to have the 
ability to recycle organic matter in the environment. Cyanobacteria in particular are 
the important source of free oxygen in the early atmosphere. Some microorganisms 
live on the surface of Earth either close to freezing temperature or in the polar caps 
and in permafrost such as psychrophilic and psychrotophic archaea, bacteria and 
algae. Freeze-dried microorganisms lying dormant for 10-20 million years in 
permafrost and in the depth of Lake Vostok, have been recovered and cultured in the 
laboratory (Wickramasinghe, 2004). Outside the solar system, microorganisms 
become exposed to near-vacuum conditions in interstellar clouds, desiccated, and 
subjected to temperatures typically in the range of -240 to -260 °C. They remain in 
such conditions until the environments become favourable in newly formed comets or 
on planetary surfaces where they can replicate. Some authors have proposed that 
microbial life on Earth originate from the outer-space via comets (Hoyle and 
Wickramasinghe, 2000)
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3.2.4. Aim and objective of the study
The current work analysed biological materials by Fourier Transform Infrared 
spectroscopy (FTIR). The objective was to compare their infrared spectra with those 
of interstellar emission bands, especially the protoplanetary nebulae (PPNe) and 
unidentified infrared bands (UIBs). The aim was to ascertain whether those materials 
could be used as models for studying the properties of interstellar grains.
3.3. Materials and Methods
3.3.1. Materials
The following materials were used in the present study:
• Oedogonium sp. (a species of the fresh water green algae) collected from
Roath Park, Cardiff.
• Bacillus cereus (Gram-positive spore foming bacterium) donated by Dr. V. 
Grays, Cardiff School of Biosciences
• Staphylococcus aureus (Gram-positive bacterium) donated by Dr. V. Grays, 
Cardiff School of Biosciences
• Poppy seed, donated by Dr M. Wallis, Cardiff Centre for Astrobiology
• Chlorophylls ‘a’ and ‘b’, obtained from Sigma Ltd.
• Enteromopha intestinalis (green seaweed), collected from Barry Island,
Cardiff.
• Pelvetia canaliculata (brown seaweed), collected from Barry Island, Cardiff
• Fucus vesiculosus (brown seaweed), collected from Barry Island, Cardiff
• Grass (Panicum maximum) of Santa Cruz Island of the Galapagos, donated by 
Professor C. Wickramasinghe, Cardiff Centre for Astrobiology.
3.3.2. Methods of sample preparation for FTIR analysis
Algae and all seaweed specimens used in this study were transferred into a large 
plastic container filled with 2 litres of de-ionised water. The samples together with
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some impurities were left in the container containing de-ionised water on the bench 
for about 15 minutes to allow large particles and clumps to sink to the bottom of the 
container. The samples were then washed in 6  - 8  changes of de-ionised water and 
dried in a vacuum dryer for 4 days.
All samples were subjected to vigorous grinding and embedded in KBr according to 
the protocol as described in Chapter 2. The method is briefly described as follows: (1) 
sample (0.5 mg) was mixed with KBr powder (20 mg), carefully ground and placed in 
a die-set assembly; the KBr was pressed with a pressure of about 10 tons cm 2 using a 
KBr dye assembly. The resulting KBr disc was then transferred onto a holder and 
analysed in the infrared spectrometer (JASCO Model FT/IR 660 Plus series). Five 
discs were prepared for each sample and taken for analysis. The data were averaged 
and the resulting spectra presented.
3.4. Results
3.4.1. Infrared (IR) spectra of Algae
All algae samples were treated at different temperatures (100, 120, 140, 165, and 250 
°C) in an oven. The oven was pre-heated to the appropriate temperatures before use. 
Prior to temperature treatments, algae specimens (0.5 mg) were transferred into a 
glass tube with an overall diameter of 2 .0  cm, which was then sealed under vacuum to 
remove air.
Fig.3.1a shows infrared spectra of all algae samples treated at different temperatures. 
All spectra display a waveband stretching from 2.5 pm to 25 pm with absorption 
peaks centred at the wavelengths as shown in Table 3.1 It is also interesting to note 
that the pattern of IR waveband of algae treated at RT is similar to those produced by 
the samples treated at higher temperatures. However, it is noteworthy that the KBr 
discs became less transparent as the temperatures increased.
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Fig.3.1.a: Overlayed FTIR spectra of algae treated at different temperatures showing a 
waveband stretching from 2.5 to 25 pm. All the treated samples show the same 
pattern of absorptions.
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Fig.3.1.b: Typical FTIR spectrum of algae treated at room temperature showing a 
series of typical features centered at 2.9, 3.3, 3.5, 6.2, 6 .8 , 7.2, 7.6, 8.0, 8 .6 , 8.9, 9.5, 
9.6, 11.3, 12.4, 14.3 15.0 and 16.1 pm.
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3.4.2. Infrared (IR) spectrum of Bacillus cereus
The infrared spectrum of Bacillus cereus shows a waveband with the first absorption 
peak starting at 2.9 pm (Fig.3.2 and Table 3.2). The other major absorption features 
are detected at 3.4, 5.8, 6.1, 6.4, 6.9, 7.2, 7.7, 8.1, 8.5, 9.5 and 10.2 pm.
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|im
Fig.3.2: Typical FTIR spectrum of Bacillus cereus.
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3.4.3. Infrared (IR) spectrum of Staphylococcus aureus
Staphylococcus aureus produces an infrared absorption band stretching from 2.5 to 25 
pm with detectable peaks centered at 2.9, 3.4, 6.1, 6.4, 6.9, 7.2, 7.6, 8.0, 8 .6 , 9.6, 11.3 
and 12.0 pm (Fig.3.3 and Table 3.2).
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Fig.3.3: Typical Infrared spectrum of Staphylococcus aureus showing a waveband 
stretching from 2.5 to 25 pm.
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3.4.4. Infrared (IR) spectrum of Poppy seeds
Poppy seeds produce a waveband with detectable absorption peaks centered at 2.9,
3.3, 3.4, 5.7, 6.1, 6.4,6 .8 , 7.2, 8 , 8 .6 , 9.1 and 13.7 pm (Fig.3.4 and Table 3.2).
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Fig.3.4: Typical Infrared spectrum of poppy seeds.
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3.4.5. Infrared (IR) spectra of Chloropyll ‘a’ and ‘b’
Chlorophyll ‘a’ exhibits a long wavelength range containing a series of major peaks 
centered at 2.9, 3.3, 3.4, 3.5, 5.7, 6.1, 6.5, 6.8, 7.2, 7.4, 7.7, 8.8, 9.6, 11.3, 12.5 and 
13.4 pm (Fig.3.5 and Table 3.2). Chlorophyll ‘b’ also shows the same number of 
peaks of absorption as well as two additional features centered at 8.3 and 8.6 pm 
(Table 3.2).
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Fig.3.5: Typical FTIR spectra of chlorophyll ‘a’ (A) and FTIR spectra of chlorophyll 
‘b’ (B).
68
3.4.6. Infrared (IR) spectra of Seaweed
Typical FTIR spectra of three species of seaweed display a similar pattern of 
waveband with the same features centered at 2.9, 3.4, 6.9, 8.6 and 9.6 pm (Fig 3.6). 
Two species of brown seaweed (Pelvetia canaliculata and Fucus vesiculosus) show 
additional peaks which are located at 6.2, 7.8, 11.3, 12.2 and 16.1 pm (Figs. 3.6A and 
3.6B; Table 3.2). These latter peaks are not detected in the green seaweed 
{Enteromopha intestinalis) (Fig. 3.6C; Table 3.2). However, the spectrum of 
Enteromopha intestinalis displays three peaks at 6.4, 7.2 and 11.8 pm that are not 
found in the brown seaweed species (Table 3.2).
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I
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Fig.3.6: Typical FTIR spectra of Fucus vesiculosus (brown seaweed) (A), Pelvetia 
canaliculata (brown seaweed) (B) and Enteromopha intestinalis (green seaweed) (C).
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3.4.7. Infrared (IR) spectrum of Grass (Panicum maximum)
The following spectrum shows prominent peaks centered at 2.9, 3.4, 6.1, 7.6, 9.3 12.8 
and 19.3 pm and minor features at 6.9, 7.2, 8.0 and 12.0 pm.
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Fig.3.7: Infrared spectrum of grass (Panicum maximum)
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Table 3.1: IR absorption wavelengths (pm) of algae samples treated at different 
temperatures.
Algae RT
(Mm)
Algae 100°C 
(Mm)
Algae 120°C 
(Mm)
Algae 140°C 
(pm)
Algae 165°C 
(pm )
Algae 250°C 
(pm )
2.98 2.98 2.98 2.98 2.98 2.98
3.3 - - - - -
3.4 3.4 3.4 3.4 3.4 3.4
3.5 3.5 3.5 3.5 3.5 3.5
6.2 6.2 6.2 6.2 6.2 6.2
- - 6.5 6.5 6.5 -
6.89 6.9 - 6.9 - -
- - 7 - 7 7
7.2 7.2 7.2 7.2 7.2 7.2
7.6 - - - - -
8 8 8 8 8 8
8.6 8.6 8.6 8.6 8.6 8.6
8.9 8.9 8.9 8.9 8.9 8.9
9.5 9.4 9.4 9.4 9.4 9.4
9.6 9.6 9.6 9.6 9.6 9.6
11.3 11.3 11.3 11.3 11.3 11.3
12.4 12.1 12.1 12.05 12.1 12.5
14.3 14.03 14.05 14.05 14.07 14.05
15 15 15 15 15 15
16.1 16.1 16.1 16.1 16.1 16.1
Notes: The following features of algae are consistently displayed by all treated 
samples: 2.98, 3.4, 3.5, 6.2, 7.2, 8.0, 8.6, 8.9, 9.4, 9.6, 11.3, 15.0 and 16.1 pm. The 
features at 3.4, 6.2, 7.2, 8.0 and 8.6 pm have been reported to be expressed by the 
carriers of PPNe emission bands (Hrivnak et al., 2000; Cataldo et al., 2002 and 
Cataldo and Keheyan, 2003). The feature at 11.3 pm expressed by all algae samples is 
also one of the major components of the unidentified bands, UIBs (Henning et al., 
1998; Ehrenfreud et al., 2000; Hrivnak et al., 2000; Cataldo et al., 2002 and Cataldo 
and Keheyan, 2003). These observations seem to suggest that algal emission spectra 
show a good match with those of astronomical sources, in particular the UIBs and 
PPNe.
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Table 3.2: IR absorption wavelengths (pm) of Experimental Models
Algae
(Mm)
Grass
(Mm)
Bacillus
cereus
(Mm)
Staphylococcus
aureus
(Mm)
Chlorophyll
a
(Mm)
Chlorophyll
b
(Mm)
Pelvetia
canaliculata
(Mm)
Fucus
vesiculosus
(Mm)
Enteromopha
intestinalis
(Mm)
Poppy
seeds
(Mm)
2.98 2.93 2.9 2.92 2.91 2.91 2.93 2.95 2.92 2.95
3.3 - 3.3 3.3 3.3
3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4
3.5 3.5 3.5 3.5 3.5
5.7 5.7 5.7
5.8 5.8
6.2 6.1 6.1 6.1 6.1 6.1 6.2 6.2 6.1
6.4 6.4 6.45 6.47 6.48
- - 6.5 6.58
6.89 6.9 6.9 6.9 6.8 6.9 6.9 6.9 6.9 6.8
- -
7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2
7.4 7.4
7.6 7.6 7.6
- 7.7 7.7 7.7 7.8 7.8 7.8
8 8 8.1 8 8.0 8
8.3
8.6 8.5 8.6 8.6
8.6 8.6 8.6 8.6
8.9 8.86
9.5 9.36 9.5 9.2 9.1
9.6 9.6 9.6 9.6 9.6 9.6 9.6
10.2
11.3 11.1 11.2 11.3 11.3 11.3 11.3 11.3
11.8
12.08 12.05 12.1 12 12.2 12.2
12.4 12.5 12.5
- 12.89
- - 13.4 13.5 13.7
14.3
15 15
16.1 16.6 16.1 16.1
19.3
72
Table 3.3: Distribution of major infrared absorption wavelengths of experimental models and emission features of UIBs and PPNe
UIBs PPNe Algae B. cereus S. Aureus Chlorophyll a Chlorophyll b Grass Pelvetia
canaliculata
&
Fucus
vesiculosus
Enteromopha
intestinalis
Poppy
seed
3.3 3.3 3.3 - - 3.3 3.3 - - - 3.3
- 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4
6.2 6.2 6.2 6.1 6.1 6.1 6.1 6.1 6.2 6.1 6.1
- 6.9 6.9 6.9 6.9 6.8 6.9 6.9 6.9 6.9 6.8
- 7.2 7.2 7.2 7.2 7.2 7.2 7.2 - 7.2 7.2
7.7 7.7 7.6 7.7 7.6 7.7 7.7 7.6 - - -
- 8.0 8.0 8.1 8.0 - - 8.0 - 8.0 8.0
8.6 8.6 8.6 8.5 8.6 - 8.6 - 8.6 8.6 8.6
11.3 11.3 11.3 11.2 11.3 11.3 11.3 11.1 11.3 - -
- 12.2 12.4 12.1 12.0 - - 12.0 12.2 - -
- 13.3 - - - 13.4 13.5 - - - 13.7
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3.5. Discussion
Organic molecules and carbonaceous matter are present naturally in the interstellar 
medium and protoplanetary nebulae. They have been detected in carbonaceous 
meteorites found on Earth (Lorca, 2004). These findings support the theory of 
panspermia which proposes that organic molecules and precursors of building blocks 
for life and degradation products of biology are ubiquitous in the universe 
(Wickramasinghe, 2010; Wickramasinghe et al., 2010). One of the main aims of 
research in the field of PPNe or other astronomical sources including UIBs is to 
identify the individual molecules that are thought to be the carriers of infrared 
emission bands. Several astronomical sources have been reported to contain an 
interesting complex feature centred at -3.4 pm (Willner et al., 1979). The source GC- 
IRS 7 in particular, has been an ideal choice for studying the properties of interstellar 
dust as it is located at a large distance (-10 kpc or -3x1022 cm) from the solar system 
towards the galactic centre (Allen and Wickramasinghe, 1981). The infrared spectrum 
of IRS 7 reveals a broad absorption feature over a waveband stretching from 2.9 to 3.6 
pm. The absorption peaks in this region have been suggested to be caused by complex 
organic molecules consistent with biomaterial (Allen and Wickramasinghe, 1981). 
Furthermore, the diffuse ISM has been found to possess a set of emissions in the 
infrared waveband known as the unidentified bands or UIBs (Mattila et al., 1996; 
Onaka et al., 1996). The major features are centered at 3.3, 6.2, 7.7, 8.6, and 11.3 pm. 
The protoplanetary nebulae (PPNe) have also these same components (Hrivnak et al., 
2000). Cataldo and Keheyan (2003) show that aromatic distillate of petroleum 
exhibits a good match with many of the unidentified infrared bands (UIBs). Although 
the infrared spectrum of PPNe appears similar to that of UIBs, detailed observation 
shows that the PPNe have additional features that are usually not detected in UEBs, 
and that these features are centered at 3.4, 6.9, 7.2, 12.2 and 13.3 pm (Hrivnak et al., 
2000, Cataldo et al., 2002; Cataldo and Keheyan, 2003).
The present work aims to compare infrared spectra of algae (Oedogonium sp.), 
bacteria (B. cereus and S. aureus), poppy seed, chlorophyll ‘a’ and ‘b’, grass 
(Panicum maximum) and three species of seaweed {Enteromopha intestinalis, Pelvetia 
canaliculata and Fucus vesiculosus) with those of astronomical sources. Its objective
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is to determine whether any of these biological materials of interest possess IR 
characteristics that appear distinctively similar to those of the unidentified infrared 
bands (UIBs) and emission spectra of protoplanetary nebulae. It is interesting to see if 
these materials could be proposed as the candidate models for the interpretation of the 
unidentified bands and the protoplanetary nebula emission spectra.
The results obtained from the present study show that algae treated at room 
temperature produced absorptions over a waveband stretching from 2.5 to 25 pm with 
a series of high absorption peaks centered at 2.9, 3.4, 6.2, 6.8, 7.2, 7.6, 8.0, 8.6, 8.9,
9.5, 11.3, 12.4 and 14.3 pm. A parallel experiment was also set up to check the 
stability of algae at high temperatures. The experimental results indicate that all those 
that were taken to high temperatures (100, 120, 140, 165 and 250 °C) displayed a 
similar pattern with strong absorption features centered at the specific wavelengths as 
shown in Fig.3.1a and Table 3.1. The data also confirm that subjection of algae to 
high temperatures up to 250 °C did not affect their stability (Table 3.1). It is however 
noted that the transparency of the KBr discs was reduced when the samples were 
heated to higher temperatures. In the present study, the spectra of all algae samples 
have been shown to contain a peak centred at 2.9 pm, which has been reported by Al- 
Mufti (1985) to be the absorption band of water in liquid form. According to Al-Mufti 
(1985), cellulose always contained a few percent of water, no matter how much 
precautionary measures were taken to make the samples dried, even when the 
cellulose was heated to temperatures around 400 °C.
It is remarkable that all 10 samples tested in the present study (algae, B. cereus, S. 
aureus, chlorophylls ‘a’ and ‘b’, poppy seed, grass and three species of seaweed) 
produced an infrared absorption peak at 3.4 p m  which is a prominent feature of PPNe 
(Table 3.3). This feature is attributed to the CH band and is thought to be the common 
organic functional group of the interstellar grains (Al Mufti, 1985). Wickramasinghe 
and Allen (1980) also detected a 3.4 pm  absorption feature in the galactic infrared 
source GC-IRS 7 using the 3.9m Anglo-Australian Telescope and an infrared 
photometer-spectrometer. They attributed this feature to the grains in the interstellar 
medium containing a polymer based on the H2CO molecule and have further 
suggested that this 3.4 pm  feature corresponds to the CH band. This 3.4 pm  band was
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also detected in the spectra of protoplanetary nebulae (Hrivnak et al., 2000, Cataldo et 
al., 2002; Cataldo and Keheyan, 2003).
The present study reveals that the 3.3 pm absorption peak (the common feature of 
UIBs and PPNe), is also found in the FTIR spectra of algae, chlorophyll ‘a’ and ‘b’ 
and poppy seed (Table 3.2). Furthermore, chlorophylls ‘a’ and ‘b’ and grass show a 
peak at 6.1 pm, the position of which is close to that of the feature (6.2 pm) of both 
PPNe and UIBs. On the other hand, all three species of seaweed show a peak centered 
at 6.2 pm, another characteristic feature of PPNe and UIBs. This 6.2 pm band has 
been ascribed to a stretching mode of C-C (Allamandola et al., 1989), and to the 
aromatic ‘quadrant’ stretching ring (Reynaud et al., 2001 and Cataldo et al., 2004). 
Moreover, algae, B. cereus, S. aureus, Chlorophyll ‘b’, seaweed and grass all display 
a peak at 6.9 pm, which is also another characteristic component of PPNe emission 
band. On the contrary, poppy seed and chlorophyll ‘a’ show a peak shifted slightly 
away from the 6.9 pm position (6.8 pm). It is noteworthy that the 6.8 pm is attributed 
to the aromatic ‘semicircle’ stretching ring as suggested by Reynaud et al. (2001) and 
Cataldo et al. (2004).
The present work also indicates that algae, B. cereus, S. aureus and chlorophylls ‘a’ 
and ‘b’, grass, poppy seed and green seaweed (.Enteromopha intestinalis) exhibited a 
peak located in the Mid-IR region at 7.2 pm that was also found in the PPNe 
spectrum. B.cereus, chlorophyll (a and b) produced a peak at 7.7 pm which has been 
reported to be associated with a blending of vibration modes of C-C. The 7.7 pm has 
also been detected in both, the UIBs and PPNe emission spectra (Hrivnak et al., 2000, 
Cataldo et al., 2002; Cataldo and Keheyan, 2003). Algae, S. aureus and grass 
expressed a feature centered at 7.6 pm which is near to the 7.7 pm of UIBs and PPNe.
The characteristic feature of PPNe which is centered at 8 pm has been found in the 
FTIR spectra of algae, grass, S. aureus, poppy seed and green seaweed {Enteromopha 
intestinalis). All temperature treated algae, S. aureus, chlorophyll ‘b’ green seaweed 
{Enteromopha intestinalis) and poppy seed samples display a peak at 8.6 pm, which is 
a perfect match with that of UIBs and PPNe. According to Allamandola et al. (1989), 
the 8.6 pm feature is attributed to an in-plane bending mode of C-H. The 11.3 pm 
band which is an out-of-plane bending mode of C-H (Allamandola et al., 1989)
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detected in the spectra of UIBs and PPNe (Hrivnak et al., 2000, Cataldo et al., 2002; 
Cataldo and Keheyan, 2003), was also found in the FTIR spectra of both brown 
seaweed, S. aureus, chlorophyll ‘a’ and ‘b’ and all samples of algae.
The spectra of laboratory biological models exhibited absorptions at most of the 
relevant astronomical wavelengths as seen in Table 3.3. Figure 3.1b shows the Mid-IR 
spectra of algae samples, which are seen to correspond approximately to portions of 
the spectra displayed by a variety of galactic sources as shown in Fig. 3.9 (Smith et 
al., 2007). Traces of water cannot be ruled out in these samples, showing a strong 2.9- 
3 pm band that is attributed to H2O, whilst the elevated complex of features around 10 
pm is assignable to polysaccharides. The unidentified interstellar absorption bands in 
the IR spectra have been suggested to be attributed to aromatic molecules within 
biological cells (Hoyle and Wickramasinghe, 1989; Rauf and Wickramasinghe, 2010). 
The current study reveals that amongst all samples tested, algae produced the largest 
number of absorption peaks, most of which matched those of the emission spectra of 
PPNe and UIBs. The Mid-IR waveband of algae resembles the Spitzer telescope 
emission spectra of galactic sources showing PAH emissions (Fig 3.9 compiled by 
Smith et al., 2007). Based on the above observations, the present study proposes that 
algae could be used as a biological model for the spectral interpretation of UIBs and 
PPNe and a potential candidate for the study of interstellar dust.
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Fig. 3.9: Recent compilation of Spitzer telescope emission spectra of a variety of 
galactic sources showing PAH emissions (Smith et al., 2007).
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CHAPTER 4
Interpretation of Laboratory Models as 
Possible Analogues of Carriers for the 
Unidentified Infrared Bands and 
Protoplanetary Nebulae
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4.1. Summary
The present study analysed four compounds by Fourier Transform Infrared (FTIR) 
spectroscopy. Their infrared (IR) absorptions were compared with the emission 
spectra of unidentified infrared bands (UIBs) and protoplanetary nebulae (PPNe). The 
compounds under investigation included: graphite, bituminous coal (semi anthracite 
coal), anthracite coal and naphthalene. The results support unequivocally the early 
proposal that certain types of coal are suitable models for the interpretation of carriers 
for the emission spectra of UEBs and PPNe. The evidence obtained from the study 
confirms that bituminous coal is the best model, and this is based on the observation 
that its spectrum contains the highest number of prominent features that match those 
of UIBs and PPNe. Pure anthracite on the other hand is found to be the least suitable 
because its matching absorption peaks are weaker than those of bituminous coal. 
Furthermore, naphthalene is less suitable than both types of coal because the number 
of its peaks that match those of PPNe and UIBs is low even though it produces more 
absorption bands than its counterparts.
4.2. Introduction
Materials found in the diffuse interstellar medium and circumstellar environments are 
unquestionably of an organic nature (Hoyle and Wickramasinghe, 1989; 
Wickramasinghe et al., 1999; Irvine, 1996; Ehrenfreund and Chamley, 2000 and 
Cataldo et al., 2002), and very similar material is embedded in meteorites found on 
Earth (Llorca, 2004). Comets and interplanetary dust particles have also been reported 
to contain these same materials (Bradley, 2005). Following the discovery of organic 
materials in outer-space, attempts to identify their origin have never ceased. Irvine 
(1996) has reported that more than 100 molecular species in the interstellar medium of 
the Milky Way Galaxy have so far been characterised using spectroscopy. A number 
of chemical elements such as hydrogen, carbon, oxygen, nitrogen, sulfur, phosphorus 
and metals that play a role in the origin of life on Earth, have been identified as the 
products of nucleosynthesis in the cores of evolved stars and in stellar explosions 
(Burbidge et al, 1957; Matteucci, 1991). According to Lovas (2004 and 2005), 129
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molecules mostly organic have been found in interstellar space, and 114 of these have 
been detected by radio astronomy, and the rest by infrared or ultraviolet astronomy.
Larger and much more complex organic molecules have also been detected in the 
stellar environments, and a number of reports have confirmed the presence of a rather 
more complex emission profile with wavelengths stretching from 2 to 14 pm, 
featuring both narrow and broad bands, which are now referred to as the ‘unidentified 
infrared bands (UIBs) (Irvine, 1996; Hudgins and Allamandola., 1997; Ehrenfreund 
and Chamley, 2000; Reynaud et al., 2001). Although these characteristic bands have 
been identified, their carriers remain obscure (Hudgins and Allamandola, 1997). 
According to Sloan et al. (1999), these bands are the strongest interstellar features 
found in a variety of astronomical objects. As suggested by Leger and Puget (1984), 
Allamandola et al. (1987), Puget and Leger (1989) and Ehrenfreund and Chamley 
(2000), these bands are attributed to stretching and bending modes of C-H as well as 
the stretching vibrations of C=C in aromatic molecules.
Many materials have been suggested to be responsible for the emission of these 
interstellar infrared features. These include polycyclic aromatic hydrocarbons (Leger 
and Puget, 1984 and Allamandola et al., 1985), coal (Papoular et al., 1989, 1995), 
hydrogenated amorphous carbon or HAC (Ehrenfreund and Chamley, 2000), 
quenched carbonaceous composite or QCC (Sakata et al., 1987 and 1990) and 
aromatic molecules within biological cells (Hoyle and Wickramasinghe 1989; Rauf 
and Wickramasighe, 2010).
4.2.1. Coal
It has been proposed that an alternative to polycyclic aromatic hydrocarbons is 
carbonaceous amorphous solid like coal (Guillois et al., 1999; and Cataldo et al., 
2004). Coal is a black rock found in swampy forests where the dead plants were 
buried for several hundred million years during which time the plants were 
transformed into carbon and then became compressed under relentless heat and 
pressure. Different types of coal have been identified based on the degree of their 
transformation into carbon:
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- Lignite is the lowest rank and the softest coal of all types with a brown or black 
coloration.
- Sub-bituminous coal contains more moisture and is harder than lignite but much 
softer than the bituminous coal.
- Semi-anthracite or bituminous coal contains a tar-like material, known as 
bitumen. This type of coal is an organic sedimentary rock formed by 
compression of peat material. Its appearance is dark brown or black consisting 
of layers of bright and dull materials.
- Anthracite is the hardest type of coal and appears glossy. It is generally found in 
areas such as flanks of mountains where movements of earth are considerable. It 
appears glossy and contains a high level of carbon. Anthracite is the product of 
transition stage between bituminous and graphite where the volatile constituents 
of the former are completely eliminated.
- Graphite is technically the purest and highest rank of all coal types.
Coal has been shown to be possible carriers for the unidentified infrared bands (UIBs) 
(Papoular et al., 1993; Guillois et al., 1994). One of the most interesting types of coal 
is semi-anthracite, which shows an infrared spectrum that mimics the spectrum of 
UIBs (Guillois et al., 1996, 1999; Cataldo et al., 2002).
4.2.2. Aim of the study
The present study analyses graphite, bituminous coal, anthracite and naphthalene 
samples using a Fourier Transform Infrared (FTIR) spectrophotometer. The resulting 
infrared spectra are compared with those of astronomical observations. The objective 
is to determine if these materials can produce infrared absorption wavelengths that 
mimic the emission spectra of UIBs and protoplanetary nebulae (PPNe). The results 
could be used to infer the existence of carriers for the unidentified infrared bands 
(UIBs) and protoplanetary nebulae (PPNe). This study may provide direction to 
advance research on the complexity of the chemistry of the interstellar medium, and
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may lead to a better understanding of the processes which produce key molecules for 
the development of life.
4.3. Materials and Methods
The following materials were used in the study:
• Graphite was supplied by Agar Scientifics Ltd., UK.
• Both anthracite and bituminous coal were obtained from Geo Supplies Ltd., 
UK.
• Naphthalene in vacuum sealed bottle was purchased from Sigma Ltd., UK.
All samples were prepared according to the methods as described in detail in Chapter 
2. Briefly, the samples were first subjected to vigorous grinding using an agate pestle 
until fine flour was obtained. The sample (0.2 mg) was embedded in KBr (20 mg). 
The mixture was then transferred into a small blending mill (SPECAmill ™, Kent, 
UK) for further grinding. After 10 mins, the mixture was subjected to drying under 
high vacuum (2x-7MB) for 3-4 hours. The dried sample was subsequently transferred 
into the Evacuable Pellet Dies (SPECAC Ltd, Kent, UK) to make the KBr disc as 
described in chapter 2. The resulting KBr disc was analysed using a FTIR 
spectrometer (JASCO Model FT/IR 660 Plus series).
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4.4. Results
4.4.1. Infrared absorption of Graphite
The FTIR spectrophotometric analysis of graphite embedded in KBr disc produced 
absorption peaks centered at 2.9, 4.2 and 6.1 pm. The spectrum tails off from 6.1 pm 
to form an almost straight line as shown in Fig. 4.1.
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Fig.4.1: Infrared absorption spectrum of KBr-embedded graphite showing low peaks 
centered at 2.9, 4.2 and 6.1pm.
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4.4.2. Infrared absorption of Anthracite
The FTIR analysis of KBr-embedded anthracite produced an absorption spectrum 
stretching from 2.5 to 25 pm. Absorption peaks were detected with the following 
wavelengths: 2.9, 3.4, 5.8, 6.2, 6.85, 7.2, 7.7, 8.8, 9.4, 11.3, 12.5, 13.4 pm. The 
strongest absorption bands are centered at 2.9 and 3.4 pm. The remaining features 
appear weak as shown in Fig. 4.2.
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Fig.4.2: FTIR spectrum of KBr embedded anthracite showing a number of distinctive 
IR absorption peaks.
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4.4.3. Infrared absorption of Bituminous Coal
The FTIR analysis of bituminous coal shows a broad absorption spectrum stretching 
from 2.5 to 25 pm. Two interesting bands in the near infrared region are located at 3.3 
pm and 3.4 pm flanked by two peaks centered at 3.37 and 3.5 pm, respectively 
(Fig.4.3.a). As shown in Fig.4.3.b, the spectrum also contains three peaks located at
6.2, 6.9 and 7.2 pm which match the emission bands of protoplanetary nebulae 
spectrum (Table 4.3). The broad waveband stretching from 7.2 to 9.6 pm displays a 
series of weaker absorption peaks. Other bands are also detected at 11.5, 12.3, 13.3 
pm. Furthermore, the spectrum exhibits a peak at 14.4 pm which is the characteristic 
emission band of PPNe. The peaks centered at 18.3, 20.7 and 22.8 pm appear broader 
as shown in Fig.4.3.c.
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Fig.4.3.a: FTIR spectrum of KBr embedded bituminous coal showing a waveband 
stretching from 2.8 to 4.5 pm. Two major absorption peaks are centered at 3.3 and 3.4 
pm.
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Fig.4.3.b: Expanded FTIR spectrum of bituminous coal showing a waveband in the 
mid infrared region stretching from 6 to 15 pm. The most interesting peaks are 
centered at 6.2, 6.9, 7.2, 8.1, 8.6, 9.6, 11.5, 12.3, 13.3 and 14.4 pm.
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Fig.4.3.c: Bituminous coal FTIR waveband continued from Fig.4.3.b showing a mid 
infrared region stretching from 15 to 25 pm.
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4.4.4. Infrared absorption of Naphthalene
As shown in Figs. 4.4a, and 4.4b, the spectrum of naphthalene exhibits a series of 
absorption features located at 3.3, 6.2, 6.65, 7.2, 7.34, 7.87, 8.0, 8.27, 8.6, 8.9, 9.9,
10.4, 11.8, 12.8, 16.2, 20.7 and 21.2 pm.
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Fig.4.4.a: Naphthalene waveband showing a feature centered at 3.3 pm.
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Fig.4.4.b: Continued waveband of naphthalene showing a series of peaks centered at 
6.2, 6.65, 7.2, 7.34, 7.87, 8.0, 8.27, 8.6, 8.9, 9.9, 10.4, 11.8, 12.8, 16.2, 20.7 and 21.2 
pm.
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Table 4.1: Spectroscopical detection of infrared absorption bands in laboratory 
models. The figures represent wavelength (pm) of the bands.
Bituminous coal Anthracite coal Graphite Naphthalene
2.9 2.9 2.9
3.3 3.3
3.4 3.4
3.5 3.5
4.2
5.8 5.8
6.2 6.2 6.1 6.2
6.65
6.9 6.85
7.2 7.2 7.2
7.34
7.7
7.87
8.1 8.0
8.27
8.6 8.6
o° 00
8.9
9.4
9.6 9.6
9.9
10.4
11.5 11.3
11.8
12.3 12.5
12.8
13.3 13.4
14.4
16.2
18.3
20.7
20.7 21.2
22.8
24.5
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Table 4.2: Nature of unidentified infrared bands (UIBs) and emission bands of 
protoplanetary nebulae (PPNe)
Astronomical
observations
Nature of 
components
Modes References
UIBs PPNe CH CC
3.3 3.3 aromatic Stretching Dulley and Williams, 1981 ; 
Joblin et al., 1995 ; Sloan et al., 
1999 ; Hudgins and Allamanola, 
1997; Chiar et al., 2006; 
Reynaud et al., 2001; Cataldo et 
al., 2004; Mulas et al., 2006; 
Kwok, 2009; Rauf and 
Wickramasinghe, 2010.
- 3.4 aliphatic Stretching
6.2 6.2 aromatic stretching
- 6.9 aliphatic Stretching
- 7.2 aliphatic
7.7 7.7 aromatic stretching
- 8.0 aromatic
8.6 8.6 aromatic in plane bend
11.3 11.3 aromatic out of plane 
bend(wagging)
- 12.2 aromatic out of plane 
bend(wagging)
- 13.3 aromatic out of plane 
bend
Table 4.3: Distribution of two astronomical observations (UIBs and PPNe) and major 
infrared absorption bands produced by laboratory models of terrestrial origin.
UIBs PPNe Bituminous coal Anthracite coal Naphthalene
3.3 3.3 3.3 - 3.3
- 3.4 3.4 3.4 -
6.2 6.2 6.2 6.2 6.2
- 6.9 6.9 6.8 -
- 7.2 7.2 7.2 7.2
7.7 7.7 - 7.7 -
- 8.0 8.1 - 8.0
8.6 8.6 8.6 - 8.6
11.3 11.3 11.5 11.3 -
- 12.2 12.3 12.5 -
- 13.3 13.3 13.4 -
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4.5. Discussion
The macromolecular structure of coal has been well documented as being made of 
layers of condensed polycyclic aromatic rings containing both naphtenic and aliphatic 
chains (Van Krevelen, 1993). Formed by compression of peat material, bituminous 
coal is one of the lowest ranks of coal after lignite; it is composed of a mixture of 
molecules different in size and composition, and becomes soft at relatively low 
temperatures (Cataldo et al., 2004).
Coal in general and anthracite in particular have been suggested as components of 
interstellar carbon dust (Guillois et al., 1999), and as the carrier of UIBs (Cataldo et 
al., 2003). Earlier studies of coal by IR absorbance spectroscopy have shown that this 
material displays a broad spectral continuum. Papoular et al. (1993) reported that raw 
coal in general shows IR bands at 2.7-3.1, 3.3, 3.4, 5.25, 5.7, 6.0, 6.2, 6.9, 7.5-9, 9-10, 
11.3, 12.3, 13.3, and 18-23 pm and that the wavelengths of the bands depend on the 
rank and heat treatment of the coal. Their study demonstrated further that the -OH 
blend (2.7-3.1) and that of mineral (9-10 and 18-23) pm disappear from the 
spectrum, and that the intensity of absorption peak at 6.9 pm is also reduced if the 
coal is demineralised and mildly heated. These observations seem to confirm that heat 
is the accelerating factor in the evolution of coal. According to Papoular et al. (1993), 
the spectra of coal showed loss of OH groups and a significant reduction in aliphatic 
C-H if the coal is heated at 600 °C and a further decrease in the aromatic C-H groups 
when the coal is allowed to progress towards graphitisation at a temperature reaching 
up to 700 °C. Thus, the graphitisation of coal involves high temperature and is 
accompanied by aromatisation of carbon atoms.
The present study used Fourier Transform Infrared Spectroscopy to examine four 
compounds: graphite, bituminous coal (semi anthracite coal), anthracite and 
naphthalene. Their IR absorption bands were compared with the emission spectra of 
unidentified infrared bands (UIBs) and protoplanetary nebulae (PPNe). The objective 
was to determine whether their infrared (IR) bands have the same wavelengths as 
those of astronomical observations. This comparative study could provide tests for the 
carriers for the interstellar bands. The results show that amongst all laboratory
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compounds tested, graphite fitted least well, containing only three significant infrared 
absorption features centered at 2.9, 4.2 and 6.1 pm, which do not match those of any 
interstellar spectra. The present study used pure graphite as a control showing no IR 
absorption features comparable to interstellar emission bands. Thus, the results 
obtained from the IR spectroscopical analysis of graphite confirm the view of Mathis 
and Whiffen (1989) and Wickramasinghe et al. (1992) that graphite crystals are not 
likely to form under the interstellar or circumstellar conditions. However, it is 
reasonable to argue that although pure graphite grains are not expected to be present 
in the interstellar or circumstellar environments, the graphite-like coal may be present 
in the interstellar medium (ISM), resulting from the degradation of biological cells in 
the panspermia model.
The present study also shows that both bituminous and anthracite coal produced a 
broad spectral continuum. However, the spectrum of the former contains more 
absorption features than that of the latter (Table 4.1, Figs.4.3.a, 4.3.b & 4.3.c). 
Bituminous coal exhibits an IR spectrum with absorption features centered at 2.9, 3.3,
3.4, 3.5, 5.8, 6.2, 6.9, 7.2, 8.1, 8.6, 9.6, 11.5, 12.3, 14.4, 18.3, 20.7, 22.8 and 24.5 pm. 
In comparison with the bituminous coal, anthracite produces a reduced number of 
infrared bands located at 2.9, 3.4, 3.5, 6.2, 6.8, 7.2, 7.7, 8.8, 9.4, 11.3, 12.5 and 13.4 
pm (Table 4.1, Fig.4.2). On the other hand, naphthalene which is the petroleum 
refinement product, has been found to exhibit a much higher number of features 
centered at 3.3, 6.2, 6.65, 7.2, 7.34, 7.87, 8.0, 8.27, 8.6, 8.9, 9.9, 10.4, 11.8, 12.8, 16.2,
20.7 and 21.2 pm (Table 4.1, Figs.4.4.a & 4.4.b).
Earlier studies have proposed that the astronomical feature centered at 3.3pm is 
attributed to the C-H stretching mode of aromatic hydrocarbons as shown in Table
4.2. The 3.3pm C-H stretch band is a blend of at least two features that involve one 
being aromatic at 3.286 pm and the other, alkenic (CH2) at 3.314 pm, and this 
aromatic blend is dominant in interstellar space (Papoular et al., 1993). Interestingly, 
detailed observations made by Joblin et al. (1995) of the emission spectrum of 
planetary nebulae IRAS 21282+5050 reveal the presence of a 3.3 pm major band as 
well as additional bands centred at 3.4, 3.46, 3.57 pm. According to Barker et al. 
(1987) the major band at 3.4 pm was proposed to be the band of the C-H aromatic 
stretching mode.
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Both bituminous coal and anthracite used in the present study produced the features 
located at 6.2 p m  and 6.9 pm  whereas the spectrum of naphthalene displayed the 6.2 
p m  but lacked the 6.9 pm . As proposed by Cataldo and Keheyan (2003), the strong 
bands at 6.2 and 6.9 p m  are caused by the aromatic ring stretching. The 6.9 pm  band 
is related to CH2 and CH3 groups (Papoular et al., 1993). As shown by the present 
study, the IR absorptions of bituminous coal match those of UIBs and PPNe, and 
these findings suggest that this type of coal is a perfect model to date for these 
astronomical bands (Table 4.3). According to Fuller (1992), these bands are assigned 
to C-O-C, C-O-H and C-C-O stretching and or bending modes. Furthermore, the 
bituminous coal tested in the present study produced the bands at 9.6 and 18.3, 20.7,
2 2 .8  pm  and their presence seems to suggest that this type of coal contains minerals 
since those far-infrared bands located at 9-10 and 18-23 pm  have been attributed to 
minerals (Papoular et al., 1993). The infrared bands of bituminous coal located at 
11.5-12.3 pm  fall within the range of 11.3- 12.4 pm  which have been ascribed to the 
C-H wagging of aromatic compounds. The band expressed by the bituminous coal at 
12.4 pm  is near 12.2 p m  of the out-of-plane C-H bending feature of semi anthracite 
and lower ranking coals (Hudgins and Allamanola, 1997; Kwok, 2009). Moreover, the 
weaker band at 14.4 pm  (Table 4.1) confirms the presence of hydrogenated 
compounds in the bituminous coal as these highly hydrogenated rings are reported to 
exhibit this band (Hudgins and Allamanola, 1997; Cataldo et al., 2004; Kwok, 2009).
The results as described above thus confirm that many IR features of the absorption 
spectra found in bituminous coal, anthracite coal and naphthalene correspond to the 
major unidentified infrared bands (UIBs) in the interstellar medium and 
protoplanetary (PPNe) (Table 4.3). These findings seem to agree with the earlier 
proposal that coal, which belongs to a group of natural materials of terrestrial origin, 
is the most suitable for the interpretation of emission spectra of different circumstellar 
and interstellar emission bands (Papoular et al., 1993; Guillois et al., 1999; Reynaud 
et al., 2 0 0 1 ) and in particular, bituminous coal for the dark material on the surface of 
comets and meteorites (Moroz et al., 1998). As proposed by Papoular et al. (1993) 
since coal, petroleum and bitumen are found on Earth, these materials are also 
expected to be present in space, in particular on comets and meteorites.
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On the subject of naphthalene, Snow (1992) and Krelowski et al. (2001) attempted to 
search for naphthalene in the interstellar medium but their search proved inconclusive 
(Iglesias-Groth et al., 2008). The present study however reveals a number of strong 
peaks centered at 3.3, 12.8, 20.7 and 21.2 pm and other much weaker bands from 6.0 
to 25 pm in an expanded spectrum of naphthalene as shown in Figs.4.4.a & 4.4.b. A 
set of similar features was also detected in naphthalene by Mulas et al. (2006).
The present study supports unequivocally the early proposal that certain types of coal 
are suitable models for the interpretation of carriers for the emission spectra of PPNe 
and UIBs. The evidence obtained from the present study confirms that bituminous 
coal (or semi-anthracite) is the best fit, and this is based on its absorption spectrum 
containing the highest number of strong features that match those of PPNe and UIBs. 
Pure anthracite on the other hand is found to be the least suitable because its matching 
absorption peaks are weaker than those of bituminous coal. Furthermore, naphthalene 
is less suitable than both types of coal due to the lower number of its matching peaks 
for PPNe and UIBs although it produces more absorption bands than its counterparts.
Combined with result of investigations of algae discussed in chapter 3 it is possible to 
assert that algae and the ultimate degradation product -coal- together provide a good 
model for the PPNe feature and the UIBs in general.
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CHAPTER 5:
A Proposed Ensemble of 
Degraded and Non-Degraded 
Biomaterials as a Carrier of the 
217.5 nm (2175 A) Interstellar 
Extinction Feature
5.1. Summary
The interstellar absorption band centered at 217.5 nm (2175 A), conventionally 
attributed to monodisperse graphite spheres of 20 nm radius, is more plausibly 
explained as arising from biologically derived aromatic molecules. On the basis of 
panspermia models interstellar dust includes a substantial fraction of biomaterials in 
various stages of degradation. The present study has modeled such an ensemble of 
degraded and non-degraded biomaterials with laboratory spectroscopy of algae, 
seaweed, grass pigments, naphthalene, bituminous coal and anthracite. The averaged 
ultraviolet absorption profile for these materials centred at 217.5 nm (2175 A) with a 
FWHM of 25 nm (250 A), is in full agreement with the interstellar extinction 
observations.
5.2. Introduction
5.2.1. Interstellar dust and its extinction curve
Interstellar dust has been suggested to play an important role in the evolution of 
galaxies and the formation of stars and planetary system (Wang et al., 2004). The 
space between the stars of the Galaxy and external galaxies is rich in dust grains of 
different sizes. According to Trumpler (1930), distant stars appeared dimmed, and the 
interstellar space in the galactic plane was occupied largely by fine cosmic dust 
particles of various sizes resulting in the selective absorption. The size and 
composition of interstellar dust are determined respectively by the extinction curve 
and its spectral features (Draine, 2003). The extinction curves have been studied in a 
number of galaxies (Wang et al., 2005), and the best quantitatively measured ones are 
related to the Milky Way galaxy (Fitzpatrick and Massa, 1986; Cardelli et al., 1989) 
and to both, the Large (Koomneef and Code, 1981; Misselt et al., 1999), and the 
Small Magellanic Cloud (Lequeux et al., 1982; Prevot et al., 1984).
An interstellar absorption band centred at 217.5 nm (2175 A) with a half-width at full 
maximum of ~ 25 nm (250 A) was discovered in the spectra of most reddened stars, 
and the average interstellar extinction curve showing this feature is shown in Fig.5.1
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(Stecher, 1965; Wickramasinghe, 1967). According to Hoyle and Wickramasinghe 
(2000) and Wickramasinghe et al. (2010), the observed extinction curve is in theory 
decomposed into three components: (i) component 1 corresponds to scattering by 
dielectric grains with sizes and properties resembling bacteria, (ii) component 2 is the 
extinction caused by an absorber that produces the mid-ultraviolet band, and (iii) 
component 3 represents a population of nanometric-sized dielectric particles.
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Fig.5.1: Interstellar extinction curves. (1) A composite of dielectric grains of radii 
0.3pm; (2) molecular absorption due to aromatics; (3) dielectric particles of radii
0.01pm. (from Sapaar and Kuusik, 1978)
The averaged extinction curve for dust in the solar surroundings is well represented by 
the uppermost curve in Fig.5.1. However, stars in other regions of the galaxy and in 
external galaxies show a modest degree of variability which is consistent with varying 
proportions of the components 1, 2 and 3. Furthermore, Fig.5.2 illustrates how 
individual stars show varying relative amounts of the 217.5 nm (2175 A) carrier. 
Boulanger et al. (1994) also discuss the correlation between the strength of the UV 
absorption peak and mid-infrared emission bands which could be interpreted as 
arising from a common molecular carrier (Hoyle and Wickramasinghe, 1989).
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Fig.5.2: Normalised interstellar extinction curves for stars in our Galaxy showing 
varying strengths of the 2175 A absorption feature. Crosses and dashed curve 
represent mean interstellar extinction (adapted from Boulanger et al., 1994).
5.2.2. The extinction curve feature and its carrier
Our knowledge about interstellar grains comes from observations of features in their 
emission, polarization, and absorption spectra (Fitzpatrick and Massa, 1990; Sanford, 
1996; Bradley, 2005). A prominent feature in the interstellar extinction curve was first 
detected by the Aerobee rocket observations (Stecher, 1965; Wang et al., 2004), and 
later observed by the International Ultraviolet Explorer (IUE) satellite (Stecher, 
1969). This strongest feature is observed at 217.5 nm (2175 A) in the range of UV- 
visible wavelengths (Fitzpatrick and Massa, 1990; Bradley, 2005). The dust extinction 
feature in the Milky Way is also believed to be the strongest of all with a broad 
bandwidth (<25 nm) and a wavelength of 217.5 nm, corresponding to 4.6 pm-1 or 5.7 
eV.
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While showing an almost unchanged central wavelength, this feature has a bandwidth 
that is variable from one line of sight to another, thus indicative of multiple carriers or 
a single carrier with different properties. As proposed by Steel and Duley (1987) and 
Sanford (1996), the carrier may be either oxygen-rich (e.g., oxides or silicates) or 
carbon-rich (e.g., graphite or organic compounds). However, the exact carrier 
responsible for this feature is still controversial. According to Kwok (2009), the 
strength of the feature depends on the amount of chemical elements present such as C, 
Mg, Si, Fe, etc, and the carrier of this feature must contain at least one of these 
elements (Wang et al., 2004). This view has been further supported by the suggestion 
that some form of graphitic carbon may be responsible for this feature (Draine, 2003), 
and most likely to be of polycyclic aromatic hydrocarbons (Joblin et al., 1992; 
Rouleau et al., 1997). Furthermore, photo- reflective measurements of anthracite 
produce a feature close to 217.5 nm, suggesting that this feature probably arises from 
a complex carbonaceous compound (Kwok, 2009).
5.2.3. Dust models
A number of carbon models have been proposed to reproduce the 217.5 nm (2175 A) 
interstellar extinction band. These consist of two different groups based on their 
ordered or disordered solid structure. The former is made up of randomly oriented 
pure graphite spheres (Draine and Lee, 1984). Sakata et al. (1983) synthesized a 
quenched carbonaceous composite material known as QCC that exhibited a UV 
absorption near 2000 A (Papoular and Papoular, 2009), and proposed it as the 
disordered carbon model for the 217.5 nm (2175 A).
Some recent models of interstellar dust include an abiotic PAH component that could 
produce a X 2175 A absorption band under appropriate circumstances (Witt et al., 
2006). However, for PAH’s and other complex organic molecules to form abiotically 
may pose serious problems, in particular with the requirement that compact PAH’s are 
in high ionisation states. An alternative model that fits the general context of 
panspermia is that organic dust and molecules in interstellar space may include a 
substantial component derived from biology itself. According to this point of view 
microbial cells replicate in liquid interiors of primordial comets and are distributed
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widely across the galaxy (Wickramasinghe et al., 2010). As suggested by Rauf and 
Wickramasinghe (2010), interstellar material would include the detritus of biology- 
microbial cells in various stages of degradation and break-up, and thus degradation of 
cells in H II regions and in other high radiation environments is inevitable. Whilst
wholesale destruction if it occurs would vitiate a panspermia model, the requirement
20for panspermia to operate unhindered is that a fraction, less than one part in 10 , 
survives from one amplification site to the next; and this condition would seem 
impossible to violate (Wickramasinghe et al., 2010).
5.2.4. Aim of the study
The present study is primarily concerned with the precise position of a 2175 A 
absorption feature. It sets out to perform spectroscopic analyses using a JASCO V- 
570 UV/VIS/NIR spectrophotometer on a number of biomaterials. The objective is to 
determine whether any of the models produces a feature that perfectly fits the 
interstellar extinction observation of 217.5 nm. The results could give an insight into 
their absorption properties and hence into the nature of their degradation from the 
astrobiological perspective.
5.3. Materials and Methods
5.3.1. Materials
In order to model the effects of sequential degradation, the present study took algal 
cells, seaweed and grass as a starting point, and measured their absorption properties 
as well as those of several other degraded biological products. The sources of the 
materials were as follows:
1. Oedogonium sp. (a fresh water species of green algae) collected from Roath Park, 
Cardiff, Wales, UK.
2. Enteromopha intestinalis (green seaweed) and Pelvetia canaliculata (brown 
seaweed), collected from Barry Island, Wales, Cardiff.
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3. Grass from Santa Cruz Island of the Galapagos provisionally identified as Panicum 
maximum.
4. Naphthalene in vacuum sealed ampoule was supplied by Sigma Ltd, UK.
5. Bituminous coal (semi-anthracite) and anthracite were obtained from Geo Supplies 
Ltd., UK.
Samples (5) represent the last stages in a putative biodegradation sequence.
5.3.2. Methods of sample mounting and preparation
The samples were dissolved in cyclohexane, a non-polar solvent. Algae, seaweed, 
grass, naphthalene, semi-anthracite and anthracite (approximately 70 mg in each case) 
were individually added to cyclohexane (500 pi) and dissolved. The use of a non­
polar solvent eliminates the effect of wavelength-shifts. All samples were agitated for 
a few minutes and allowed to stand still on the bench for 15 min to allow the 
sedimentation to complete. A clear solution (100 pi) was carefully pipetted out from 
the top and placed in a test-tube containing the solvent (3.5 ml). The tube was briefly 
agitated and transferred into a spectrophotometer (JASCO V-570 UV/VIS/NIR 
spectrophotometer).
5.4. Results
Figures 5.3 - 5.9 show ultraviolet spectra of algae, grass, seaweed species, semi­
anthracite (bituminous coal), anthracite and naphthalene respectively. Fig. 5.10 shows 
the normalized (averaged) absorption spectrum of the whole sequence. Algae 
produced a band of 3 major peaks located at 216, 427 and 662 nm (Fig. 5.3) while 
grass gave a band containing a peak centered at 216 nm (Fig. 5.4). Enteromopha 
intestinalis (green seaweed) produced a waveband with 3 prominent peaks centred at
215.5, 413.0 and 667.0 nm whereas Pelvetia canaliculata (brown seaweed) displayed 
a spectral pattern with peaks of almost similar wavelengths 216.0, 413.5 and 667.5 nm 
(Figs. 5.5 & 5.6). Algae and the two seaweed species used in the present study 
produced additional peaks with a broader bandwidth. These peaks are located within 
the waveband stretching from 413.0 nm to 667.5 nm. The additional absorption bands
101
correspond to those of chlorophyll pigments which are generally within the waveband 
of 410- 673 nm (RayChaudhuri and Bhattacharyya, 2008).
Both anthracite and semi-anthracite show a band with two peaks, the strongest at 213 
nm and the less intense at 274 nm (Figs. 5.7 & 5.8). Naphtahlene on the other hand 
shows a prominent peak at 220.5 nm (Fig. 5.9). Figure 5.10 represents the normalized 
(averaged) absorption spectrum of the whole sequence. The normalised UV-Vis 
spectrum produces a peak centered precisely at 217.5 nm (2175 A) which corresponds 
with the interstellar extinction observation (Figs. 5.1 & 5.2). The full width at half 
maximum (FWHM) of 25 nm (250 A) also agrees with that of the interstellar 
absorption feature.
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Fig.5.3: UV-Vis spectrum of algae dissolved in cyclohexane.
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Fig.5.4: UV-Vis spectrum of grass (.Panicum maximum) dissolved in cyclohexane.
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Fig.5.5: UV-Vis spectrum of Pelvetia canaliculata (brown seaweed) dissolved in 
cyclohexane.
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Fig.5.6: UV-Vis spectrum of Enteromopha intestinalis (green seaweed) dissolved in 
cyclohexane.
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Fig.5.7: UV-Vis spectrum of semi-anthracite dissolved in cyclohexane.
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Fig.5.8: UV-Vis spectrum of anthracite dissolved in cyclohexane.
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Fig.5.9: UV-Vis spectrum of naphthalene dissolved in cyclohexane.
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Fig.5.10: Averaged spectrum of a putative interstellar microbiota in various stages of 
degradation.
5.5. Discussion
Study of the UV spectra of stars have revealed a new molecular component associated 
with interstellar dust. Stecher (1965) first discovered an intense feature in the 
spectrum of interstellar dust, and the central peak was located at AT1 = 4.6 pm-1, or X = 
2175 A. As pointed out by Draine, (2003), this feature was observed in many different 
dust clouds; and whilst the center of the peak was always exactly at 217.5 nm (2175 
A), the peak width of the feature varied from one region to another. Draine (1989) 
suggested that on the basis of the strength of this feature, the material responsible for 
this absorption must be abundant and that it must be made from H, C, N, O, Mg, Si, S, 
or Fe. On the other hand, Stecher and Donn (1965) suggested that the feature could be 
due to the presence of small graphite particles which would have a strong absorption 
peak due to n —► n* electronic excitations. Furthermore, Draine (2003) proposed that 
as the carbon skeleton that composes polycyclic aromatic hydrocarbon (PAH) 
molecules resembles a portion of a graphite sheet, such molecules also are inclined to 
have strong electronic transitions, and therefore it is likely that the 217.5 nm (2175 A) 
feature is due to some form of carbon material. As cited from Duley and Seahra 
(1998), Gilra (1972) studied the effect of particle size and shape and showed that 
interstellar graphite particles must be spherical and must have a radius of 20 nm in
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order to produce the 217.5 nm (2175 A) feature. Although earlier studies showed that 
graphite particles could be constructed to fit the profile of the feature, Czyzak et al. 
(1982) argued that it would be unlikely that crystalline graphite particles could form 
with the size and shape to match the theoretical band profile.
The above observations generally seem to accept the proposal made earlier by Hoyle 
and Wickramasinghe (1962 and 1969) that the 217.5 nm (2175 A) extinction bump is 
attributed to small spheres of graphite. According to Wickramasinghe et al. (1992), 
there are however serious problems associated with the graphite model; they 
explained that the requirement of graphite which has a planar lattice structure to be in 
the form of small spheres in interstellar space appears scarcely plausible. Alternative 
molecular explanations of the 2175 A absorption were first proposed by Hoyle and 
Wickramasinghe in 1977, and these involve aromatic organic molecules.
The present study analysed the following materials using UV-Vis spectroscopy: 
biological (algae, grass, and seaweed species), polycyclic aromatic hydrocarbon 
(naphthalene), and 2 types of coal (semi-anthracite and anthracite). The results 
obtained from the study show that all the UV-Vis spectra displayed a prominent peak 
located within the region of 213.0- 220.5 nm, but none of which shows a peak that 
matches perfectly the interstellar extinction feature of 217.5 nm. However, attempts to 
average the whole sequence of spectra through normalization produced an impressive 
spectral band with a peak centered at 2175 A that fits the interstellar extinction 
observations. Interestingly, the full width at half maximum (FWHM) of 250 A also 
correlates with that of the interstellar feature.
Many models have been proposed for the carrier of this feature and these include 
graphite, dehydrogenated and hydrogenated amorphous carbon, coals, PAHs etc... 
However, Li and Greenberg (2003) claimed that, none of these single compounds 
provide a perfect model. A variation (±12%) has been observed with line of sight in 
the width and extinction band, and this observation may be indicative of a large 
chemical dispersion in the Galaxy (Fitzpatrick and Massa, 2007). The interstellar 
grain population has been proposed to include a substantial amount of ultra-small 
grains with PAH composition (Muthumariappan et al., 2008). Because PAH has 
strong absorption in the wide region (2000 to 2500 A), the expected carrier of the
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2175 A feature could be a mixture of PAHs and the observed variation in the width of 
the feature may be attributed to differences in the PAH mix (Muthumariappan et al.,
2008).
Chen et al. (2008) have reported that buckyonions are able to reproduce a peak close 
to the 2175 A extinction feature, but argued that it is not clear if dust models 
consisting of the combined materials (buckyonions, amorphous silicates, PAHs, 
amorphous carbon, hydrogenated amorphous carbon and graphite) are capable of 
matching the 2175 A extinction feature since the almost perfect feature produced by 
buckyonions might be affected by the addition of other dust components that must 
surely exist. They have however constructed an ensemble of silicate-graphite-PAH- 
buckyonions and this model has been shown to give an almost perfect match to the 
interstellar extinction curve at AT1 ~ 3.5-7 pm'1 with a bump centered at 4.5 pm A
The results obtained from the present study using these materials appear to support the 
hypothesis of Hoyle and Wickramasinghe (1977) that the interstellar absorption 
feature 2175 A is likely to be attributed to aromatic molecules within biological 
materials and such molecules may be interpreted as degradated biological products.
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CHAPTER 6
Microstructure and Elemental 
Composition of the Tagish Lake 
Meteorite and its Astrobiological
Implications
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6.1. Summary
The present study examines the complex microstructure of the Tagish Lake meteorite. 
It also sets out to determine its elemental composition, and in particular the structural 
localization of carbon, oxygen and sulfur, which are the important elements of the 
insoluble organic species. Furthermore, the study analyses the samples by Fourier 
Transform Infrared (FTIR) spectroscopy to ascertain whether organic compounds are 
present in the meteorites.
The Tagish Lake meteorite, which fell in January 2000 in Canada has provided the 
most pristine cosmic materials for laboratory studies. It is made up of loosely formed 
aggregates, making it one of the most friable carbonaceous chondrites found on Earth. 
Its complex structure is composed of plaquettes of crystallised minerals, hexagon­
shaped metals, chondrules and granules, all of which are embedded in a matrix of fine 
grains and fibril-like materials. Those components with sizes larger than 350 nm in 
diameter are affected to variant degrees by solar hydrothermal reactions whereas a 
majority of smaller bodies (<350 nm in diameter) appear unscathed despite severe 
aqueous alterations on the parent body. A high population of granules (100-300 nm in 
diameter) consists of a wall (20-40 nm in thickness) and a larger core, the former is 
rich in organic elements such as carbon, oxygen and sulfur, and the core contains Ni- 
Fe-Mg rich silicates. The organic matter has both characters, aromatic and aliphatic, 
and such evidence suggests that the granules may be the carriers of large organic 
species with distinct astrobiolological implications. The Tagish lake meteorite shows 
structural and chemical imprints, which are reminiscent of the characteristics of P- 
and D-type asteroids in the outer belt.
6.2. Introduction
Meteorites are extraterrestrial materials that are now recognized as fragments of 
comets or asteroids that survived entry through the atmosphere of the Earth. When a 
meteorite enters the Earth’s atmosphere, its speed rapidly decelerates, and its initial 
kinetic energy E=mv2/2 (where m is the mass and v is the speed of meteorite) is 
converted into heat, leading to the emission of light, and as a result, the meteorite
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appears as a fireball. For a long time, there was reluctance to believe that meteorites 
could be extraterrestrial in origin. According to McSween (1989), a German physicist 
first claimed that these fragments originated in outer space.
According to the theory of panspermia, life is widespread across the universe, and the 
Earth has been seeded with space objects of variable sizes. A total of some 1011 
comets contain 1030 g of material largely comprised of carbonaceous material 
(organics), mineral dust and water-ice. In the early history of the planetary system 
water in the form of liquid would be expected to persist for millions of years within 
cometary interiors (Hoyle and Wickramasinghe, 2000; Wickramasinghe et al, 2010).
One of the early life transporters between planets including Earth is proposed to be 
meteorites. This theory has been supported by the results obtained from the isotopic 
analysis of Murchison meteorite that fell in 1969 in Australia (Llorca, 2004). The 
analysis of the sample has shown that the meteorite contains organic compounds that 
are not related to terrestrial origin (Martins et al., 2008). This discovery provides 
evidence that the transfer of life across the inner Solar System is possible, and may 
constitute a powerful argument against the claims that evolution of life on Earth 
occurs in isolation from the rest of the universe (Coulson, 2004).
As described in detail in Chapter 1 ‘General Introduction’ of the present thesis, 
meteorites and comets have been found to contain carbon, nitrogen, oxygen, hydrogen 
and minerals, which are essential for the production of large organic compounds. 
According to Oro (1961), water and the precursors of organic matter on Earth came 
from the comets that collided with our planet and this idea was later developed 
thoroughly by Delsemme (1984), Anders (1989) and Chyba and Sagan (1992). 
Complex organic molecules have been found in both the diffuse and dense clouds 
(Hollenbach and Thronson, 1987; Irvine, 1996), the atmosphere of Titan (Somogyi et 
al., 2005), and grains in interstellar space (Sandford et al., 1991). This organic matter 
may represent an important source of prebiotic molecules that are essential for the 
evolution of the origin of life on Earth.
Organic compounds as well as putative microbial fossils discovered in carbonaceous 
meteorites bear testimony to a possible connection between terrestrial life and comets.
I l l
These ideas are supported by the results obtained from the isotopic analysis of 
Murchison meteorite showing that the organic compounds do not have a terrestrial 
origin (Martins et al., 2008). Similarly, recent studies of Hoover et al. (2009) that 
support a long-standing argument for the presence of microbial fossils in the same 
meteorite provide further evidence in support of panspermia.
6.2.1. Types of meteorites
Meteorites can be classified into three major families according to their mineralogy, 
and these include:
1. Iron meteorite: this type of meteorite is composed mainly of nickel-iron metal 
alloys. This type of meteorite is believed to be the important part of asteroids. Iron 
meteorites are the biggest type of meteorites because their surface layers are less 
affected by the impact during their passage through the Earth’s atmosphere (Lewis, 
1995; McBride, 2004).
2. Stony meteorite: most of meteorites that fell on Earth are stony meteorites which 
are composed mainly of silicates together with oxide minerals. The stony meteorites 
can be further divided into two main types: Chondrites and Achondrites. The former 
forms primitive cosmic rocks of early solar system, which have not been subjected to 
major alterations from the asteroidal parent, and most of them contain small glassy or 
crystalline spheroidal beads, called chondrules, having diameters ranging from lOOnm 
to a few millimeters (Lewis, 1995). By contrast, the latter is made up of igneous rocks 
having chemical composition different from that of the sun and solar system resulting 
from the melting and crystallization processes.
3. Stony iron meteorites: these meteorites are rare and are composed of nearly equal 
amounts by weight of metals and silicate minerals.
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6.2.2. Relationships between meteorites and asteroids
The meteorites are normally classified according to their mineralogy and their 
relationship with asteroids. According to Hiroi et al. (2001), the parent asteroid of 
each class of meteorite can be determined by reflectance spectroscopy. The largest 
asteroid is Ceres of type-C, and its surface has been found to contain water-bearing 
clays and organic material, reflecting the mineralogy of the matrix of Cl and CM 
carbonaceous chondrites (Buseck and Hua, 1993; Llorca, 2004). Type-S asteroids are 
the sources of ordinary chondrites that are rich in olivine, pyroxene, and iron-nickel 
metals whereas enstatite chondrites containing (MgSiCb) metals belong to Types-E 
and -R asteroids.
6.2.3. Tagish lake meteorite
Fragments of the Tagish Lake meteorite fell on the Earth in January 18, 2000 in the 
region of Tagish Lake, Canada, after a large meteoric explosion in the upper 
atmosphere. This meteorite has been considered as a pristine sample because they 
have been kept in a frozen state which minimized the loss of organic molecules and 
potential contamination. Its fragments appear from dark grey to almost black with 
small light-colored inclusions (Brown et al., 2000). This meteorite was quickly 
collected after its fall was reported to reduce terrestrial contamination (Brown et al., 
2000; Nakamura-messenger, 2006). According to Brown et al. (2000), the Tagish 
Lake meteorite is a carbonaceous chondrite of uncertain classification. However, 
Hiroi and his colleagues (2001) reported that this meteorite may be the first sample 
from D-type asteroids as its reflectance spectrum shows similarity with the spectra of 
the D-type asteroids. The Tagish lake meteorite also has characteristics similar to 
those of the two most primitive carbonaceous chondrites, the Cl and CM2 (Brown et 
al., 2000; Nakamura et al., 2006). These meteorites also contain residual organic 
matter of interstellar origin, showing H and N isotopic anomalies (Busemann et al., 
2006; Nakamura et al., 2006). It has been found in other studies to contain organic 
globules of sub-micrometer to nanometric sizes (Nakamura et al., 2002; Hoover, et 
al., 2003). Nanometric to sub micron sized organic granules as well as filaments and 
trichomes were interpreted as putative microfossils by Hoover et al. (2003). Similar
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objects were first reported in meteorite extracts from the 1960’s (Claus and Nagy, 
1961), and have since been reported in several other carbonaceous chondrites (Garvie 
and Buseck, 2006). Initial criticisms that all such structures were modem 
contaminants appears to have been mled out by the work of Hans Pflug (see Hoyle 
and Wickramasinghe, 1982; Wickramasinghe, et al., 2010) and Hoover (2009), but 
their biogenic origin still remains controversial. As suggested by Nakamura et al. 
(2006), these organic globules may be linked to prebiotic organic matter that was 
delivered to the early Earth by comets and meteorites and thus there is ground for a 
further investigation into these objects to ascertain whether their composition and 
membrane-like structures play an important role in the building blocks for the origin 
of life.
6.2.4. Aim of the study
The present work examines the complex microstructures of the Tagish Lake meteorite 
using transmission and scanning electron microscopy. Also, the investigation sets out 
to determine the elemental composition of their contents by X-ray nanoprobe analysis. 
A particular interest is concerned with the structural localization of carbon, oxygen 
and sulfur, the important elements that make up the insoluble organic species. 
Furthermore, the samples are analysed by Fourier Transform Infrared (FTIR) 
spectroscopy to confirm the presence of bulk organic compounds in the meteorite.
6.3. Materials and Methods
All materials together with the equipment used to prepare the samples for electron 
microscopy, X-ray nanoprobe analysis and infrared spectroscopy are described in 
detail in Chapter 2 of the present thesis. Briefly, fragments of the meteorite were 
embedded in LR White resin (London resin co. Ltd, UK) at 55 °C for 48 hours, and 
the resulting polymerized resin blocks were cut into thin sections (90-100 nm thick) 
on a Reichert E ultracut microtome (Reichert-Jung, Austria). The thin sections were 
mounted on pioloform-coated copper grids and examined using a Philips EM 208. 
The X-ray nanoprobe analysis of thin sections was carried out in a Philips CM 12 
fitted with an EDAX analytical system. The following operating conditions were
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maintained constant throughout the X-ray analyses: electron beam size (20 nm), 
condenser aperture (30 pm), magnification (10,000x), analysis time (200 cps). For 
surface structure observations, a Philips XL20 SEM was used. For infrared 
spectroscopy the sample (0.15 mg) were prepared in KBr powder (20 mg). The 
mixture was transferred into a small blending mill (SPECAC mill™) for grinding, and 
into the Evacuable Pellet Dies (SPECAC Ltd) under a pressure of 10 tons cm ' to 
make a KBr disc.
6.4. Results
6.4.1. Electron Microscopy
The Tagish Lake meteorite is made up of loosely formed aggregates, making it one of 
the most friable carbonaceous chondrites found on Earth. High resolution 
transmission and scanning electron microscopy reveal its complex structure (Figs. 6.1, 
6.2 & 6.3).
Scanning electron microscopical observations reveal that the aggregate is composed 
of plaquettes or chunks of crystalllised minerals, hexagonal bodies, chondrules of 
globular structure with variable sizes, all of which are embedded in a matrix of fine 
granules and fibril-like materials (Fig. 6.1). The mineral particles have irregular 
shapes, many displaying concentric rings (Plate C of Fig.6.1). Many plaquettes of 
minerals are partially embedded in the matrix of the parent body (Plate E of Fig.6.1). 
The hexagonal bodies (0.4-2.0 pm in diameter) appear electron black, have no internal 
structure, and are clustered in large groups (Plates D & F of Fig.6.1). Some of these 
bodies have lost their original hexagonal shape to become almost spherical (Plates D 
& F of Fig.6.1). Chondrules with diameters ranging from 3 to 6 pm are either 
clustered in groups (Plate A of Fig. 6.3), or individually attached to the matrix (Plates 
B & C of Fig. 6.3). However, a large population of them is covered with granules 
(100-300 nm in diameter) on their surface, making it appear rough and irregular 
(Plates A, B & C of Fig. 6.3). Many similar granules also form large clumps in the 
chondrule-free zones (arrows in Plate C of Fig. 6.3).
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The imaging analysis by transmission electron microscopy of 90-100 nm thick 
sections cut from 1x2 mm fragment shows granules having an internal structure which 
consists of a rim (or wall) with an average thickness of 20-40 nm and a larger core 
(Plates D & E of Fig. 6.2 and D, E & F of Fig. 6.3). While numerous granules have a 
high electron dense core (Plates D & E of Fig.6.2), many others also show a hollow 
interior with their bodies partially embedded into the matrix (Plate E of Fig. 6.3). 
Lateral diffusion of probably volatile minerals can be seen in many large granules 
(Plate F of Fig. 6.2). The matrix of the parent body is made up of tiny grains with 
sizes ranging from 5 nm to 100 nm in diameter and a network of fibril-like materials 
(Plates B, D & E of Fig. 6.2), into which are embedded plaquettes of minerals, 
hexagonal bodies of metal, chondrules and granules of smaller sizes. The parent body 
shows intense aqueous alterations in places (Plates D & E of Fig. 6.2 and E & F of 
Fig. 6.3).
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Fig.6.1: Scanning electron microscopy images of the Tagish Lake meteorite. (A) A 
fragment of the meteorite. (B) Plaquettes of crystallized minerals. (C) Chunks of 
minerals showing a concentric and layered structure. (D) A group of hexagonal 
bodies, some of which appear almost spherical. (E) Plaquettes of crystallized minerals 
partially integrated into the matrix. (F) High magnification of hexagonal bodies 
showing a smooth surface, suggestive of metal alloys.
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Fig.6.2: Transmission electron microscopy images of a Tagish Lake fragment. (A) Cross- 
section of a fragment showing black hexagonal bodies partially attached to the granular 
matrix of the parent body. (B) Plaquettes of minerals (arrows) embedded into the matrix of 
the parent body. (C) A group of metal alloys, some showing their hexagonal structure and 
many others becoming almost spherical. (D) A partial view of the matrix of the parent body 
showing granules of variable sizes and fibril-like materials, onto which plaquettes of minerals 
are attached; the arrows show granules with an electron dense core. (E) Plaquettes of 
crystallized minerals partially integrated into the altered matrix; the arrows show granules 
with an electron dense core. (F) Diffusion of minerals as a result of hydrothermal reaction; the 
arrows show diffused minerals.
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Fig.6.3: Scanning and transmission electron micrographs of the Tagish Lake 
components. (A) Chondrules covered with granules; the arrows show granules in the 
chondrule-free area. (B) A chondrule partially embedded in the parent body. (C) A 
high-magnification scanning electron micrograph showing a chondrule covered with 
granules; the arrow shows isolated granules. (D) Granules showing a wall (arrows) 
and an electron dense core. (E) A hollow chondrule partially embedded in the parent 
body; the arrow shows leakage of materials into the parent body. (F) The arrow shows 
a granule in the parent body.
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6.4.2. X-ray nanoprobe analysis
Plaquettes or chunks of crystallized minerals are mainly composed of carbon, oxygen, 
iron, magnesium and silicon (Fig.6.4 & Table 6.1). Other elements such as aluminum, 
sulfur, calcium, chromium and nickel are also detected, but their relative weight (0.2 - 
1.6 wt %) is much less significant. The hexagonal bodies contain high concentrations 
of iron, zinc and nickel, but a low amount of carbon, manganese, sulfur, and 
chromium (Fig.6.4 & Table 6.1). Traces (<1 wt %) of magnesium, silicon, 
phosphorus, calcium, and aluminum are also detected in these bodies.
Chondrules with a smooth surface are generally rich in carbon, oxygen, iron, 
magnesium and silicon, but significantly low in sulfur, nickel, calcium, aluminum, 
phosphorus, manganese and zinc (Fig. 6.4 & Table 6.1). The chondrules with granules 
on their surface are comparable to those with a smooth surface in terms of their 
chemical composition (Fig.6.4 & Table 6.1). These granules have variable sizes (100- 
300 nm), mostly with an electron dense core, and contain a high level of carbon, 
silicon, magnesium, iron, nickel, sulfur, phosphorus, manganese and zinc. Many of 
them also form clusters in the chondrule-free regions, and basically have the same 
chemical composition as those on the chondrules (Fig.6.4 & Table 6.1). A large 
population of these granules is also integrated into the matrix of the parent body; 
those with a hollow core show a reduced amount of silicon, magnesium, nickel and 
iron, but are rich in carbon and sulfur elements, mostly confined to the wall (Fig.6.4 & 
Table 6.1). The grains and fibril-like materials that make up the matrix of the Tagish 
Lake meteorite contain high concentrations of carbon, oxygen and sulfur. A 
significant amount of iron, silicon, magnesium and nickel is also detected in the 
matrix together with traces of calcium, aluminium, manganese, sodium, zinc and 
chromium (Fig.6.4 & Table 6.1).
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Table 6.1: Relative concentrations (wt %)  of minerals in the Tagish Lake meteorite.
Elem ent H exagonal C hondrule Non-hollow
granule
Hollow
granule
M ineral
chunk
M atrix
CO 10.9 ± 0.85 54.0 +3.3 57.8 ±3.4 63.5+3.7 56.3 +4.3 48.4±2.6
Na20 0.3+0.06 0.0 0.2±0.05 0.1+0.06 0.2 +0.01 0.1 ±0.04
MgO 0.4+0.06 8.9+ 0.47 1.0±0.1 1.4+0.1 1.6+0.04 6.6±1.05
Al 20 3 0.3+0.05 0.8±0.06 0.3+0.03 0.1+0.06 0.4± 0.07 1.1 ±0.06
S i0 2 0.4± 0.05 5.7+0.21 1.1±0.1 0.7±0.1 3.0+0.2 2.9±0.07
p 2o 5 0.4±0.06 1.7+ 0.12 0.3+0.05 0.1+0.09 0.2+0.05 0.4±0.07
S 0 3 1.6+ 0.1 0.4+0.06 3.2±0.2 2.9+0.07 0.8±0.3 0.9±0.1
CaO 0.3+ 0.06 1.0+0.1 0.1+0.06 0.0 0.4+0.04 0.6±0.05
Cr20 3 0.4±0.05 1. 1+0.1 0.1+0.05 0.0 0.0 0.5±0.04
MnO 1.0+0.1 0.1+0.05 0.5+0.04 0.2+0.05 0.0 0.0
Fe20 3 35.3+ 2.8 1.0±0.1 4.1+0.3 1.2+0.06 2.1+0.2 2.5±0.05
NiO 18.4±1.09 0.1+0.04 0.6+0.04 0.1+0.04 0.1+0.05 0.3±0.06
CuO ** 31.1+2.2 25.1+1.8 29.2+1.6 30.5+2.1 34.9±2.2 35.7±2.3
ZnO 5.2±0.42 0.1+0.05 0.5±0.04 0.2±0.04 0.0 0.0
Values + SD (standard deviations), which were obtained from nanoprobe analysis of 
randomly selected materials, are shown as means of 25 measurements. ** CuO 
represents copper grid used to mount thin sections of the Tagish Lake sample
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Fig.6.4: X-ray spectra of chemical elements in the Tagish Lake meteorite. (A) 
Background of film-coated copper grid. (B) Matrix of parent body. (C) Mineral 
chunk. (D) Non-hollow granule. (E) Hollow-granule. (F) Chondrule. (G) Hexagonal 
body.
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6.4.3. FTIR
The FTIR spectrum displays features centered at 2.9, 6.1, 6.9, 9.8, 11.3 and 21.6 pm 
(Fig. 6.5). The 2.9 pm feature is indicative of the presence of water. The 9.8 pm band 
is characteristic of silicates and shows the highest intensity of absorption. The less 
intense peaks at 6.1 and 11.3 pm correspond to the aromatic nature of carbon whereas 
that at 6.9 pm is related to the aliphatic carbon.
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Fig.6.5: FTIR spectrum showing the characteristic bands of aromatic carbon centered 
at 6.1 and 11.3 pm (Cataldo and Keyahan, 2003). A peak at 6.9 pm is attributed to the 
aliphatic carbon (Papoular et al., 1993). The band at 2.9 pm confirms the presence of 
water (Al-Mufti, 1985).
6.5. Discussion
The Tagish Lake meteorite is composed of minerals loosely intergrown in the 
granular matrix of the carbonaceous parent body. Most of the hexagonal bodies are 
bound to each other, suggesting that this formation has taken place before the bodies 
are integrated into the matrix. Many of the hexagonal bodies within the groups have 
become almost spherical, this evidence indicates that they have been subjected to 
continuous interfrictional motion in space. Containing high concentrations of iron, 
zinc and nickel but having no distinguishable internal structure, these bodies are most 
likely to be metal alloys. The occasional detection in minute quantity of carbon,
123
magnesium, silicon, sulfur, calcium and aluminum, is an indication that the bodies 
may be contaminated with these elements after they have been incorporated into the 
mineral-rich matrix.
Chondrules in general appear to have a smooth surface, and are rich in carbonates, 
iron, silicon and magnesium, but also contain a less significant amount of sulfur, 
calcium and aluminum. This mineralogy suggests that the chondrules are not the same 
materials as the hexagonal bodies although both appear similar in sizes. The most 
spectacular transformation that the chondrules have experienced is the aggregation of 
granules on their surface (Plates A, B & C of Fig. 6.3). These granules may have 
formed as a result of condensation of interstellar grains under the effects of high 
temperature and rapid cooling in cold molecular clouds or in the outer regions of the 
protoplanetary disk (McSween, 1989).
Many of these granules are also found in clusters in the chondrule-free regions, 
suggesting that the molten ice grains may have formed before they are integrated into 
the parent body. Although most granules appear intact, many others show structural 
and chemical alterations in aqueous solution before they reach the Earth. The granules 
consist of two layers, an exterior wall and a core. The apparent changes in structure 
can be seen on the surface and the inside of the granules. A cross-section of the 
affected granules reveals partial degradation of their wall through which materials 
appear to leak profusely from the inside into the matrix, eventually leaving the 
granules with a hollow core. Breakdown of the wall and subsequent release of 
minerals are shown in Plate B in Fig. 6.3. These structural characteristics expressed 
by the affected granules are associated with the matrix of the parent body, and 
confirm that hydrothermal alteration has occurred, resulting in mass fractionation. 
Lateral diffusion of the interior materials through the wall followed by a massive loss 
of materials, is suggestive of hydrothermal reactions taking place in the parent body, 
leading to chemical fractionation. The transformation from the non-hollow to hollow 
granules gives an indication that the core which is rich in carbonates and water­
bearing minerals, is very susceptible to hydrothermal conditions. The hydrous 
minerals in meteorite are similar to terrestrial clay, and are believed to be the products 
of low-temperature aqueous alterations of pre-existing anhydrous minerals in 
asteroids (Llorca, 2004). The hydrated mineralogy of the Tagish Lake and its richness
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in carbonaceous matter are reminiscent of the expected characteristics of P- and D- 
type asteroids which are situated in the outer part of the belt (Hiroi et al., 2001; Grady 
et ah, 2002). The Tagish Lake meteorite also shows characteristics strikingly similar 
to the Mars meteorite ALH84001 (McKay et al., 1996).
Mineral chunks including those with concentric stmctures are mainly composed of C- 
O-Fe-Mg-Si elements; their predominance in the Tagish Lake meteorite reflects that 
the chondrite is rich in minerals and metals, probably MgSiOs. The formation of 
concentric rings and layers of crystallised minerals suggests that these materials have 
been subjected to a cycle of high temperature and rapid cooling processes. Another 
unique composition of the Tagish Lake meteorite is that it contains high 
concentrations of iron-magnesium rich carbonates, but an unusual low amount of high 
temperature nebular elements such as calcium and aluminum, reflecting that these 
elements are probably altered to form Mg-Fe rich serpentine. These compositional 
characteristics are also consistent with those of extinct comets including P- and D- 
type asteroids (Bell et al., 1989).
The X-ray nanoprobe analysis of the granules shows that they are rich in carbon, 
silicon, magnesium, iron and sulfur, and that most of the carbon and sulfur are 
concentrated in the wall, indicating the existence in these granules of insoluble 
macromolecular organic material with the general formula C100H60N7O12S2 (Hayatsu 
and Anders, 1981). The presence of organic compounds in the Tagish Lake meteorite 
is further confirmed by the results obtained from the infrared spectroscopic analysis. 
The 6.1, 6.9 and 11.3 pm features of the absorption waveband are all linked to organic 
species. Those at 6.1 and 11.3 pm are characteristic of aromatic carbon whereas that 
at 6.9 pm is linked to aliphatic character. These features match the emission bands of 
several astronomical objects, in particular the unidentified bands and the 
protoplanetary nebulae spectrum (Hudgins and Allamandola, 1997; Wickramasinghe 
et al, 2010; Rauf and Wickramasinghe, 2010).
The X-ray analytical data together with the infrared spectrum and electron 
microscopy are in agreement with the early observations that a high proportion of 
carbon in the Tagish Lake derives from organic species (Brown et al., 2000) and that 
the organic material occurs as submicrometer, hollow globules (Nakamura et al.,
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2002; Nakamura et al., 2006). As reported by Pizzarello et al. (2001) and Busemann 
et al. (2006), over 99% of total organic carbon makes up the insoluble 
macromolecular group, and only 100 parts per million constitutes the soluble 
compounds. The unusual low concentration of soluble organic compounds is 
attributed to low temperature chemical oxidation as proposed by Cody and Alexander 
(2005). It is generally accepted that organic matter in meteorites is introduced into the 
asteroid belt from the interstellar space through radial turbulent mixing' in the 
protoplanetary disk (Wooden et al., 2005). Most of the organic molecules remain 
unaffected on entering the region of the protosolar nebula (Bunch and Chang, 1980), 
and has survived the impact of intense aqueous alterations on its parent carbonaceous 
body due to the low ambient temperature in the asteroid belt (Busemann et al., 2006).
The microscopic and analytical data reveal that materials with sizes larger than 350nm 
are vulnerable to hydrothermal reactions whereas a majority of smaller granules 
appear unscathed despite severe aqueous alterations on the parent body. These 
granules (< 350 nm in diameter) are rich in carbon and sulfur, the important elements 
that compose the macromolecular organic material. Chemical biosignatures found in 
acid-dissolved samples by Pizarello et al. (2001), and the microstructure analysis of 
Hoover et al. (2003) support the speculation that the 5-100 nm grains have a 
biological origin, probably similar to nanobacteria claimed to be present in the Mars 
meteorite ALH84001 (McKay et al., 1996). The possibility of microfossils cannot be 
ruled out from our work, but further research is needed to resolve this important issue.
The present work reports the presence of structural and chemical imprints in the 
meteorite, which are reminiscent of the characteristics of the outer belt, and in 
particular of P- and D-type asteroids as previously suggested by Brown et al. (2000) 
and Grady et al. (2002). The granules reported in the present study have been 
described by Nakamura et al. (2006) as hollow organic globules. Since this material 
can survive entry into the Earth’s atmosphere, it is reasonable to suggest that life on 
Earth could not have evolved independently, and that it must have been affected by 
the arrival of interplanetary or interstellar material. According to the theory of 
panspermia, this extraterrestrial material could have acted to seed the development of 
life on Earth and as its arrival on Earth is a continual process, it could also be 
responsible for the evolution of life.
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CHAPTER 7
The Carancas Meteorite: A Study 
by Electron Microscopy, Energy 
Dispersive X-Ray Microanalysis 
and Fourier Transform Infrared
Spectroscopy
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7.1. Summary
Fragments of the Carancas meteorite were examined by electron microscopy 
(TEM/SEM), energy dispersive analysis of X-rays (EDAX) and Fourier Transform 
Infrared (FTIR) spectroscopy. Scanning electron microscopical observations reveal 
that the fragment is composed of aggregates having a stony appearance and 
containing mostly mineral particles in various shapes and sizes. Many of these 
particles show fractures in places, thus confirming an ealier observation that the 
meteorite was subjected to a high velocity impact. The outer-rim of many aggregates 
displays a mud crack-like texture. At high magifications, this texture shows ovoid and 
elongated features which appear similar to microfossils found in other meteorites.
As revealed by both scanning and transmission electron microscopy, some aggregates 
contain particles with three clearly marked zones, distinguishable by their differences 
in electron density and texture: a light zone exhibiting a sheet-like structure, a dark 
zone displaying a pronounced radiating pattern and an intermediate zone depicting a 
smooth surface texture. The EDAX analysis of these particles shows that the light 
zone is composed of silicates rich in Fe, Ni and S (the elements of pyrrhotite and 
pentlandite). The dark zone contains high concentrations of Mg and Si (the major 
elements of high-temperature minerals such as forsterite, Mg2SiC>4 and enstatite, 
MgSiCb) intermixed with carbonates and traces of Al, Ca and Na. The intermediate 
zone also contains high-temperature minerals and Fe-Ni rich silicates.
The Carancas meteorite produces an infrared (IR) waveband stretching from 2.5 pm 
to 25 pm. This spectrum shows prominent features of amorphous and crystalline 
silicates in the range, 9-10.8 pm. Hydrated silicates and hydroxyl groups are less 
abundant as shown by the presence of small humps between 2.5 pm and 8.0 pm. 
Some carbonate species (FeCC>3 in particular) are also present as shown by the 
presence of bands from 11.3 to 13.7 pm (Knache and Kratschmer, 1980). Several 
infrared (IR) bands of olivine group are observed between 14.5 pm and 20.0 pm.
The data obtained from the FTIR and EDAX analyses indicate that the Carancas 
meteorite is composed of an assortment of materials that have presolar and solar
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system origins. The abundance of high temperature minerals and iron rich metal 
confirms an earlier observation that the meteorite is an ordinary H4/5 chondrite. Some 
particles in the Carancas meteorite are found to have structural and chemical 
characteristics similar to those of 81P/Wild 2 comet.
7.2. Introduction
The Carancas meteorite fell on 15 September 2007 approximately 10 km south of 
Desanguadoro, near Lake Titicaca, Peru. The impact excavated a crater having an 
overall diameter of 13.5 m, a 7.5 m central hole, 1 m high ejecta rim and a shallow 
(0.6 m deep) groundwater pond (del Prado et al., 2008). The estimated timing of the 
fall was recorded at approximately 11:45 A.M. (local time) (16:45 UT) (Macedo and 
Machare, 2007), but later claimed to be 11:40 AM (16:40:14.1 UT) (Tancredi et al.,
2009). The meteorite was thought to travel from east to west, and the angle at which 
the meteorite entered the atmosphere was estimated to be between 45 and 60 degrees 
from the horizontal (Tancredi et al., 2007 and 2009). According to the initial report 
(Macedo and Machare, 2007), the locals claimed that a luminous object was seen 
about 1 km from the earth surface before a strong explosion lasting 15 minutes was 
heard. The fireball consisted of a head with strong bright light and a white smoky tail. 
The locals also reported that immediately after the explosion, a massive cloud of dust 
was seen followed by a ‘sulphurous’ smell from the site and groundwater evaporation. 
Neither explosion nor ‘rained down’ debris was reported to take place in the sky, 
suggesting that the meteorite remained intact on entering the atmosphere. According 
to the media reports (Diario Larepublica of 19/09/2007; Living in Peru of 19/09/2007 
and BBC of 19/09/2007), many local witnesses became ill and several of them had to 
be hospitalised after they came into contact with the glowing rocks. The symptoms of 
the illness have been reported to include headache, dermal injuries, dizziness, nausea 
and vomiting. Arsenic vapour from the contaminated water in the crater was thought 
to be responsible for the outbreak of the sickness.
The mineralogical analysis of the fragments indicate that the meteorite is a chondrite 
composed of fine-grained materials with light grey coloration, rich in iron particles, 
pyroxene, olivine and kamacite (Macedo and Machare, 2007; Tancredi et al., 2009).
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Other minerals such as forsterite, enstatite and troilite have also been detected in the 
fragments (del Prado et al., 2008). The Carancas has been proposed to be an ordinary 
H4/5 chondrite (del Prado et al., 2008; Tancredi et al., 2008 and 2009). The meteorite 
was found to survive the atmosphere entry without major fragmentation (Le Pichon et 
al., 2008). The trajectory of its fall has recently been reviewed by Tancredi et al.
(2009); they have suggested that the crater was formed as a result of a hypervelocity 
impact. Earlier reports have presented several transmitted light optical images of the 
fragments (Macedo and Machare, 2007; Harris et al., 2008; Tancredi et al., 2009). 
However, so far there has been little information on the microstructural characteristics 
and elemental composition of the particles that formed the Carancas fragments.
7.2.1. Aim of the study
The present work examines the complex microstructure of the Carancas meteorite 
using transmission and scanning electron microscopy. The grains embedded in KBr 
powder are analysed by Fourier Transformer Infrared (FTIR) spectroscopy to 
determine their chemical composition. The results obtained from these studies could 
provide further evidence to confirm the earlier reports that the Carancas meteorite is a 
H4/5 ordinary chondrite.
7.3. Materials and Methods
7.3.1. Scanning Electron Microscopy
The Carancas samples were mounted onto a metal stub using a piece of carbon 
double-sided sticky tape, and coated with gold in an Emscope sputter coater. The 
samples were examined using a Philips SEM XL 20 operated at 20kV accelerating 
voltage.
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7.3.2. Transmission Electron Microscopy
Fragments of the Carancas meteorite were embedded in LR White resin (London resin 
Co. Ltd, UK) at 55 °C for 48 hours, and the resulting polymerized resin blocks were 
cut into thin sections (100 nm thick) using a diamond knife on a Reichert E ultracut 
microtome (Reichert-Jung, Austria). The thin sections were collected on pioloform- 
coated copper grids and examined using a Philips EM 208.
7.3.3. EDAX Analysis
A Philips CM 12 fitted with an EDAX system (EM-400 Detecting Unit, EDAX, UK) 
was used to analyse the thin sections. The following operating conditions were 
maintained constantly throughout the analyses: electron beam size ( 2 0  nm), condenser 
aperture (30 pm), magnification (13,000x) and analysis live time (200 cps). During 
the analyses, the electron beam was focused onto the regions of interest, and a total of 
25 similar measurements were randomly taken for each region. Both qualitative and 
quantitative analyses were performed using a ‘Genesis’ software.
7.3.4. FTIR Spectroscopy
The samples (0.15 mg) were prepared in KBr powder (20 mg). The mixture was 
transferred into a small blending mill (SPECAC mill™) for grinding, and into the 
Evacuable Pellet Dies (SPECAC Ltd) under a pressure of 10 tons cm 2 to make a KBr 
disc. The KBr embedded sample was analysed using a FTIR spectrometer (JASCO 
Model FT/IR-660 Plus series).
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7.4. Results
7.4.1. Scanning Electron Microscopy
The Carancas fragment contains particles, mostly minerals having variable sizes and 
shapes (Figs. 7.2A and 7.2B). The most common features include conchoidal, 
cuboidal and irregularly shaped bodies (Fig. 7.2B). The surface of some individual 
particles displays a mud crack-like texture. At high magnifications, this texture 
contains ovoid and rod-shaped objects which are similar to microfossils of terrestrial 
origin (Figs. 7.3A and 7.3B). A large number of particles have crusts on their surface 
(Fig. 7.2C) whereas many others show fractures (Fig. 7.3D) and cavities (Figs. 7.3C 
and 7.3D). Some particles exhibit three zones, distinguishable by their differences in 
both electron opacity and texture: a light zone showing a layered or sheet-like 
structure, a darker zone at the centre displaying a pronounced radiating pattern and an 
intermediate zone with a smooth texture (7.2 D).
7.4.2. Transmission Electron Microscopy
Most of the sections cut from the resin-embedded fragment were brittle and damaged 
by the electron beam bombardement. The ultrastructual observations of these sections 
reveal the presence of numerous holes, indicating that the samples were poorly 
embedded. As shown in figure 7.1, some well embedded particles show three zones 
distinguishable by their differences in electron density and structural characteristics:
(i) a light zone displays a layered or thin sheet-like structure; (ii) a darker region 
displays aligned ‘chatter pits’; and (iii) an intermediate zone has a surface structure 
that appears rather smooth.
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Fig.7.1: A transmission electron micrograph of particles in the well embedded-resin 
section. Three large particles appear to have a similar structure. Each particle shows 
three clearly defined zones: a light zone (Zl) showing a layered or sheet-like structure 
(dark arrows); a darker zone (Z2) at the center displaying aligned ‘chatter pits’, 
probably resulting from the diamond knife cutting (white arrows); an intermediate 
zone (Z3) having a smooth surface structure.
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Fig.7.2: Scanning electron micrographs of the Carancas meteorite. (A) Carancas 
fragments. (B) A general view of the central region of the fragment showing mineral 
particles in various forms and sizes. (C) A partial view of the peripheral region of the 
fragment showing a mud-crack like texture; streaks of fusion crusts on the surface 
(arrow head); the inset (Cl) shows an enlarged picture of the mud crack-like structure. 
(D) A particle showing three clearly delineated regions: a light zone (Zl) shows a 
layered or sheet-like structure; a darker zone (Z2) at the center displays a pronounced 
radiating texture; an intermediate zone (Z3) is distinguishable by its smooth surface 
structure where cracks can be seen as shown by the arrows.
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Fig.7.3: SEM micrographs of the Carancas fragments. (A) A high magnification 
electron micrograph of the peripheral region of a fragment: ovoid and elongated 
features are apparent. (B) An electron micrograph of the same region as (A); the inset 
(Bl) illustrates the close-up of microfossil-like features. (C): An electron micrograph 
of the layered texture showing cracks (black arrows) and cavities (white arrows). (D) 
An electron micrograph of the central region of a fragment showing fractures (arrows) 
and numerous cavities.
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7.4.3. X-Ray nanoprobe analysis
The results obtained from the X-ray nanoprobe analysis of the thin sections show that 
the resin-embedded particles are composed of three different regions, distinguishable 
by the differences not only in structural characteristics but also in chemical 
composition (Table 7.1). For convenience, they are labelled in the present study as Zl, 
Z2 and Z3. During the analyses, attempts were also made to determine whether 
arsenic element (As) was present in the sample. As Fig. 7.4 shows, the spectra do not 
reveal the presence of the characteristic X-ray emission peak of arsenic (As) element 
which should normally be located at 10.5 KeV energy. The chemical composition of 
Zl is similar to that of Z3, but the former contains less magnesium and silicon than 
the latter. The amounts of major elements in Zl such as sulfur, iron and nickel are 
much higher than those in Z2 and Z3. On the other hand, the chemical composition of 
Z2 is unique since it contains no nickel, but is rich in magnesium and silicon as 
compared to Zl and Z3. Traces of sodium, aluminium and calcium are detected in Z2 
but they are not present in Zl and Z3.
Table 7.1: Relative concentrations (wt %) of major elements that make up the three 
regions of the particle.
Element Zl Z2 Z3
CO 38.4+2.1 37.8+2.8 36.3±3.2
Na20 0 .0 1.2+0.05 0 .0
MgO 2.1+0.08 1 2 .2 +0 .6 10.8±0.9
AI2O3 0.1+0.05 0.9+0.08 0 .0
Si02 1.8+0.15 19.8+0.9 13.8+1.2
S03 9.0+0.9 1.7+0.12 6 .2 +0 .2
CaO 0 .0 0.5+0.03 0 .0
Fe203 35.2+3.8 25.9+2.3 22.9+2.5
NiO 13.4+1.68 0 .0 10.0+1.4
Values + SD (standard deviations) represent the average of twenty-five 
measurements. The data are computed by the ‘Genesis’ thin section software which 
calculates the weight percentages of the elements based on the known concentrations 
of the standard samples.
136
(A)
"1------------------------------------------------------*
--------------c■ M
\,
o _______
1 J 1 .Ljii... J * -  J
1 00 2.00 3 00 4.11 5 00 6 00 ? 0.00 9 00 10.00 11.00 RoV
Z l
_si_
10 00 11.004.00
Z2
c
ii - L1
2.00 3.00 4.00 5.00 5.00 7.00 9.00 10.00 11.00 keV
Z3
(B)
2 . i t 5 00 7 00 t . t i i i . i t
Fig. 7.4: X-ray spectra obtained from the analyses of a thin section. (A): X-ray spectra of a 
particle with three zones: a light zone Zl showing a sheet-like structure, a darker zone Z2 
exhibiting a pattern of ‘chatter pits’, and an intermediate zone Z3 with a smooth surface 
structure. The X-ray intensity of the elements detected is variable depending on the zones. C, 
Fe, S and Mg are detected in Z l, Z2 and Z3 . Nickel is found only in Z l and Z3. The presence 
of Na, Al and Ca is confined to Z2. The Cu peak represents the element from the copper grid 
used for mounting thin sections. (B): A background area in the same section containing no 
sample. The X-ray intensity of C and Cl is negligible.
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7.4.4. FTIR
The analysis by FTIR spectroscopy of the Carancas grains embedded in KBr shows a 
spectrum containing a series of absorption features located at 9.5, 9.8, 10.2, 10.5, 
10.8, 11.3, 11.9, 13.7, 14.5, 15.6, 16.8, 18.4, 20.0 and 24.4 pm (Fig.7.5). Several 
small peaks are located within the range of 2 - 3 pm and 6 - 7  pm.
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Fig.7.5: FTIR spectrum of the Carancas meteorite showing infrared bands centred at
9.5, 9.8, 10.2, 10.5, 10.8, 11.3, 11.9, 13.7, 14.5, 15.6, 16.8, 18.4, 20.0 and 24.4 pm.
7.5. Discussion
Scanning electron microscopy of the Carancas fragments indicates that they have a 
stony appearance and are composed of a large population of mineral particles in 
variable shapes and forms (Figs. 7.2A and 7.2B). Some particles show numerous 
cavities (Fig. 7.3D), which may suggest the occurrence of a steam phase. Many 
particles also show fractures (Figs. 7.3C and 7.3D), probably as a result of the impact 
brecciation. Furthermore, the surface of many particles is covered in places with 
crusts, most of which show fusion melt along the fissures (Fig. 7.2C). These findings 
support an ealier observation made by Miura et al. (2008) that the Carancas meteorite 
was subjected to two major step processes: melting in atmosphere and steaming after 
impacting the Earth. The melting process resulted in the formation of fusion crusts 
rich in Fe and Si and melt flakes of Fe- Ni composition. The steam phase occured as a 
result of the reaction between the hot meteorite metal and cold groundwater at the
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excavation site. Fractured or broken fragments were discovered around the crater, 
suggesting that the Carancas fragmented on impact with the Earth. The impact 
velocity on the ground was estimated at between 3 km s’1 and 6 km s'1 (Tancredi et al., 
2009).
Some particles show a mud crack-like texture intermixed with ovoid and elongated 
features, which appear similar to microfossils of terrestrial origin (Figs. 7.3A and 
7.3B). These features have also been found in Martian meteorite ALH84001 (McKay 
et al., 1996) and in other carbonaceous chondrites (Hoover et al., 2003 and 2009). The 
origin of these objects is however uncertain and remains to be properly determined. 
One possible explanation is that the mud crack-like structure may originate from the 
terrestrial contamination. It is possible that some of the fragments were exposed to the 
terrestrial muddy water or wet-ground at the excavation site. This explanation is 
further supported by the observation that the Carancas fall was immediately followed 
by a massive cloud of dust and groundwater evaporation from the impact crater 
(Macedo and Machare, 2007; Miura et al., 2008; Schultz et al., 2008; del Prado et al., 
2008).
Concerning the ovoid and elongated features, an explanation could be offered that 
these may be the broken products of carbonate crystallisation since they appear 
similar to the bundles of carbonate crystal precipitation induced by bacteria as 
suggested by Buczynski and Chafetz (1991) and McKay et al. (1996). Rauf et al.
(2010) on the other hand have suggested that the assembly of features into 
monodisperse particles resembling nanobacteria and micrococi invites an alternative 
interpretation in terms of biological activity within aqueous niches of a parent body.
The FTIR analysis of grains in the Carancas meteorite reveals a waveband stretching 
from 2.5 to 25 pm showing IR absorption peaks centred at 9.5, 9.9 and 10.2pm whose 
characteristics are of amorphous (9.5 pm) and crystalline (9.9 and 10.2 pm) silicates 
(Knacke and Kratschmer, 1980). The presence of many bands around 10 pm may be 
indicative of the band shift from amorphous to crystalline silicates, and this shift may 
result from the annealing of amorphous silicates at high temperatures. This process is 
believed to take place in the hot inner-region of the solar nebular (Bockelee-Morgan 
et al., 2002). Amorphous silicates are found in abundance in interstellar medium
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(Zolensky et al., 2006) and IDPs (Molster and Kemper, 2005) whereas crystalline 
silicates are predominant in primitive meteorites (Nuth et al., 2005; Busemann, 2006). 
On the other hand, the Cl and C2 chondrites are rich (50-60%) in hydrated silicates, 
which show a sharp absorption at 2.71 pm in Orgueil and Murchison meteorites 
(Knacke and Kratschmer, 1980). Furthermore, the carbonaceous chondrites have been 
shown to display strong absorptions at 6.1 pm and 6.8 pm (Kancker and Krastchmer, 
1980). Recently, Rauf et al. (2010) have detected these absorption features in the 
Tagish Lake meteorite. The 6.1 pm feature is known to be related to water absorption 
in many clay minerals (Farmer, 1974a) whereas the 6.9 pm is caused by carbonate 
minerals (Knacker and Kraschmer, 1980). Unlike these carbonaceous chondrites, the 
Carancas meteorite shows considerably weaker absorptions in the infrared range of 
2.5-4.0 pm and 5.0-7.0 pm (Fig. 7.5). The occurrence of such small humps indicates 
that hydrated silicates (probably phyllosilicate minerals), hydroxyl (OH) groups and 
carbonates are less common. There is no evidence of aliphatic functioning groups as 
confirmed by the absence of a 3.4 pm peak. However, aromatic hydrocarbons may be 
present in the Carancas meteorite as shown by the presence of a band centered at 11.3 
pm which is known to be the absorption feature of aromatic hydrocarbons in many 
astronomical objects (Cataldo and Keyehan, 2003; Rauf et al., 2010; Rauf and 
Wickramasinghe, 2010) including comets and 81PAVild 2 in particular (Sandford, 
2008). The IR bands observed in the 14.5-20 pm region may be due to the presence of 
olivine group (Saikia and Parthasarathy, 2009).
Attempts to section the resin-impregnated fragments were met with little success. 
Most of the sections showed perforations and became brittle, suggesting that the 
fragments were poorly embedded. However, there are some small grains that were 
reasonably well preserved. As shown in Figs. 7.1 and 7.2 D and Table 7.1, these 
grains are composed of three phases distinguishable not only by the differences in 
their electron density and texture, but also their chemical composition. The light zone 
(Zl) showing a mica sheet-like structure, is composed of sulfide minerals rich in Fe 
and Ni. In contrast, the darker region (Z2) displays a spectacular pattern of ‘chattering 
pits’, rich in Mg and Si (the major elements of high temperature minerals such as 
forsterite Mg2SiC>4 and enstatite MgSiC>3). The richness of chemical elements such as 
Mg, Si, and Fe in Z2 also suggests the existence of olivine and pyroxene. The third 
zone (Z3) showing a rather smooth surface structure, is composed of crystalline
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silicates rich in Mg, Fe and Si (the major elements of olivine and pyroxene). The X- 
ray microanalysis also confirms that there is no evidence for the presence of arsenic 
element (Fig. 7.4 and Table 7.1), thus ruling out the claim that the illness experienced 
by the locals in Carancas was arsenic-related. Cr, P and K were not detected in the 
present study; these elements are normally found in small amounts in ordinary H 
chondrites like H4/5 (Reimold et al., 2004; del Prado et al., 2008).
The results obtained from the elemental analysis, electron microscopy and FTIR 
spectroscopy suggest that the chemical composition of some particles in the Carancas 
meteorite is similar to that of particles of 81PAVild 2 comet where both amorphous 
and crystalline silicates are present in abundance (Keller et al., 2006; Zolensky et al., 
2006). The 8 pm terminal particle (known as Sitara) of this comet is composed of 
bright regions of sulfides rich in iron and nickel, a central grey region of enstatite 
marked by aligned ‘chatter pitts’ and a smooth grey region rich in crystalline Mg- 
silicates (Brownlee et al., 2006).
Using FTIR spectroscopy, ED AX analysis and electron microscopy to analyse the 
Carancas fragments, the current investigation presents the following findings: (1) the 
meteorite is composed of a large population of minerals that are abundant in space;
(2) it is rich in chemical elements that compose olivine, pyroxene and high 
temperature minerals such as fosterite and enstatite; (3) the richness of these minerals 
and iron metal support the early proposal that the meteorite is an ordinary H4/5 
chondrite (del Prado et al., 2008; Tancredi et al., 2008 and 2009); (4) some particles 
show structural characteristics and chemical composition of minerals similar to comet 
81 P/Wild 2; and (5) the ovoid and elongated features look like microfossils found in 
other meteorites, many of which resemble bacterial microfossils of terrestrial origin. 
Based on the above findings, it may be concluded that the Carancas meteorite is 
composed of presolar and solar system materials.
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CHAPTER 8
Astrobiological Aspects of Kerala
Red Rain
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8.1. Summary
The current controversial aspects of the Kerala red rain have prompted me to re­
examine the sample using a number of laboratory techniques. Under a transmitted 
light microscope, the Red rain cells appear red-brown in coloration and show 
variations in size (5-10 pm) and shape (spherical, ellipsoidal and oval). Electron 
microscopy confirms that the red particles are biological materials with a structure 
resembling that of spores of a microorganism yet to be properly identified. The red 
rain cells contain an abnormally large nucleus that occupies almost the entire volume 
of their cytoplasm. Their exceptionally thick wall (850 nm thick including capsule) 
suggests that they may be one of the toughest microorganisms that can survive in 
extremely harsh environmental conditions. The cells contain all the biogenic elements 
that are ubiquitous in the interstellar medium and their mineralogy is similar to that of 
carbonaceous meteorites. Spectroscopical analyses of the red rain cells by UV- 
Visible, IR and fluorescence show spectral characteristics mostly resembling those of 
astronomical observations. On the other hand, the IR absorption spectrum is 
remarkably similar to that of seaweed species.
The evidence presented in this study seems to suggest that the red rain cells could be 
closely related to the original species of a microorganism that was involved in the 
evolution or introduction of early life on Earth. The issue of whether the red rain cells 
contain DNA remains in dispute. Further studies are required to help resolve this 
contentious issue.
8.2. Introduction
8.2.1. Brief historical accounts of red rain
McCafferty (2008) has reported historical events in relation to red rain. According to 
his account, different types of rain have fallen from the sky in many different parts of 
the world. Throughout the centuries, from Classical Rome to medieval Ireland, 
Norman Britain and 19th century California to 21st century India, about eighty falls of 
red rain have been reported together with a further twenty relating to lakes and rivers
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that turned blood-red, and sixty eight instances of other falls which included milky, 
honey, wine, black rain and even blood-red coloration. Sixty of one hundred reported 
instances were found to be associated with meteorite or comet activity and of these 
sixty, twenty three were related to the red rain events, thirteen to red blood rivers and 
the remaining twenty four to other types of rain coloration. These historical events of 
different colors of rainfall suggest that materials of different nature in variable shapes 
and sizes could have been brought down from space. Thunderstorms and even meteor 
bursts are believed to play a crucial role in bringing down these materials in the form 
of rain.
8.2.2. Controversial aspects of Kerala red rain
The most recent mysterious phenomenon that has attracted much attention amongst 
astrobiologists, who are interested in extraterrestrial microorganisms, is that of the red 
rain which fell in Kerala, India, on 25 July 2001. The rain has been reported to contain 
red particles, the amount of which was estimated at about 50000 kg (Louis and 
Kumar, 2006). These particles appeared like biological cells (Louis and Kumar, 
2006), looked like red blood cells with an average size of 10 pm in diameter, and 
showed some characteristics of algae. The mysterious aspect of the rain is that it fell 
for two months accompanied by colored hailstones, and that in most cases the color 
was red but in some cases it was also yellow. The cells appeared in low 
magnifications as smooth glass beads and at high magnifications showed large 
variations in size (Louis and Kumar, 2003). Their shapes ranged from spherical to 
ellipsoidal. As reported by the locals in Kerala, the fall of the rain started a few hours 
after a meteor airburst took place. The analyses of red particles performed by Louis 
and Kumar (2006) using an energy dispersive analytical X-ray system revealed a 
spectrum of major peaks of carbon and oxygen with other minor elements such as 
silicon (Si), iron (Fe), chlorine (Cl), aluminum (Al) and sodium (Na). Furthermore, 
Louis and Kumar (2006) have demonstrated that when subjected to certain harsh 
physical and chemical conditions such as high concentration of H 2SO4, high 
temperature (300 °C) and low pressure (0.01 millibar), the cells remained intact and 
survived. The UV-Vis spectroscopic analysis of red rain revealed a spectrum with a 
very clear absorption peak near a wavelength of 200 nm. The dilemma facing
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astrobiologists is whether this absorption peak correlates with the extinction peak at 
217.5 nm that has been widely observed in the interstellar medium. The above 
findings obtained from the laboratory analysis of red rain samples together with the 
coincidence of meteor events may be taken as evidence that the red rain particles 
probably have an extraterrestrial origin. This claim if it is scientifically supported, 
would agree with the theory proposed by Hoyle and Wickramasinghe (2000) that 
comets can act as transporters of microorganisms to Earth.
The claim made by Louis and Kumar (2003 and 2006) that the red rain in Kerala is of 
extraterrestrial origin, is considered by some to be flawed because there has been a 
lack of supportive evidence to confirm the presence of well-defined meteoric events 
that took place over India at that precise time. To many critics, such an idea that a 
comet may contain red cells, is hard to imagine, let alone to accept. The report of a 
meteorite or comet explosion is still in dispute, and the origin of this huge quantity of 
red particles is far from clear. So when faced with the suggestion that the fall of red 
rain in Kerala is extraterrestrial in origin, there is an attempt to treat any connection 
between red rain and a meteor as a coincidence.
Fitzsimmons (2006) has raised doubt about the Kerala Red Rain by making the 
following statement: “The report sounds completely improbable; it would be a 
fantastic result if it were true and would tell us once and for all if there was 
extraterrestrial life, but the report is assuming that these micro-organisms came from a 
comet when no comet has been observed”. Sampath et al. (2001) also confirmed that 
they found no meteor debris in the colored rainwater. According to Veerabuthiran and 
Satyanarayana (2003) and Satyanarayana et al. (2004), the reported coloration of red 
rain was probably caused by the dusty storm from the desert in the west region of 
Asia. It has also been suggested that these red particles are either fungal spores 
(Sampath et al., 2001) or red dust that was swirled up from the Arabian dessert 
(Veerabuthiran and Satyanarayana, 2003; Satyanarayana et al., 2004) or even a splash 
of blood cells caused by a meteor hitting a flock of bats while flying in the sky (Reed, 
2006). Finally it should be noted that the claim made by Louis and Kumar (2006) that 
the red rain cells have no DNA, is highly controversial since it is well known that all 
living organisms on earth contain this genetic material.
145
8.2.3. Aim of the study
Research on the Kerala red rain may give a new perspective to the origin and 
evolution of life on Earth, and to the question of the possible existence of life beyond 
our planet. The present study has used a number of laboratory techniques to re­
examine the red particles in the Kerala rain sample. Its main aim is to find some 
answers to the following critical questions: (1) Are there any real structural 
differences between the red rain particles and normal mammalian red blood cells? (2) 
Do these rain particles produce spectroscopic characteristics similar to those of 
astronomical observations? (3) Do these red particles contain phosphorus, a known 
chemical element that involves in the genetic encoding? (4) Is their chemical 
composition comparable to that of a comet or meteorite? In order to answer these 
questions, the present study has made the following attempts: (i) to compare the fine 
structure of red rain particles with that of mammalian red blood cells using both 
transmission and scanning electron microscopy; (ii) to carry out spectroscopic 
analyses of the red rain particles and to determine whether there is any match between 
the resulting spectra and the astronomical observations; (iii) to analyse the elemental 
composition of red rain cells using an Energy Dispersive Analyser of X-rays (EDAX); 
and (iv) to ascertain if there is any similarity in terms of chemical composition 
between the red rain particles and the Tagish Lake meteorite.
8.3. Materials and Methods
The following methods are used in the present study: FTIR, UV-Vis and Fluorescence 
Spectroscopy, Light and Electron Microscopy and Energy Dispersive Analysis of X- 
Rays (EDAX). Details of instruments and their operation are described in Chapter 2 
of the present thesis. Specific sample preparative steps are described as follows:
8.3.1. Electron Microscopy
Briefly, the red rain sample for transmission electron microscopy was centrifuged at 
13000 rpm for 10 mins and the resulting pellet fixed for 1 hour in 2.5% 
glutaraldehyde in phosphate buffer (pH7.4). The fixed sample was dehydrated in a
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graded series of ethanol concentrations and embedded in araldite resin. The 
polymerized resin block was cut into 90 nm thick sections on a Reichert ultracut 
microtome (Leica Ltd., UK) with a diamond knife. The thin sections were collected 
on a pioloform coated grid and stained in 2% uranyl acetate and Reynolds lead citrate. 
Ultrastructural examination was carried out using a Philips transmission electron 
microscope (Philips 208 TEM, FEI Ltd., Eindhowen, The Netherlands).
For scanning electron microscopy, the sample was prepared as above up to the final 
steps of ethanol dehydration, transferred onto a 0.2 pm millipore filter in a capsule 
and dried under a high pressure (90 bars) in a critical point drying unit for 4 hours 
using liquid CO2. The dried sample was then mounted on a metal stub, coated with a 
thin layer of gold and examined in a scanning electron microscope (Philips XL20 
SEM, FEI Ltd., Eindhowen, The Netherlands).
8.3.2. FTIR Spectroscopy
For the FTIR spectroscopical analyses, the red particles in rain water were centrifuged 
at 13000 rpm for 10 mins, the supernatant carefully removed and the pellet dried 
under a high pressure (-7 MB) for 48 hours in a 360 Edwards vacuum unit (Agar 
Scientific Ltd., Stansted, UK). The dried sample (0.5 mg) was mixed with KBr 
powder (20 mg), crushed with a pestle in a mortar until a fine powder was obtained 
and transferred into Evacuable pellet Dies (SPECAC Ltd, Kent, UK) to make a disc.
8.3.3. UV-Visible Spectrophotometry
Two different types of samples (DMSO extract and neat red rain) were analysed using 
UV-Visible Spectrophotometry. The DMSO extract was obtained using the following 
procedure: (1) the rain water containing red particles (1 ml) was centrifuged at 13000 
rpm for 10 mins and the supernatant removed; (2) the resulting pellet was mixed with 
DMSO for 10 mins and the whole mixture centrifuged at 13000 rpm for 10 mins; and
(3) the clear red supernatant was transferred to the UV-Visible spectrophotometer for 
analysis. The neat rain water containing red particles (1 ml) was transferred directly to 
the UV-Visible spectrophotometer for analyses.
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8.3.4. Fluorescence Spectroscopy
The DMSO extract of red rain sample prepared as above was analysed using 
fluorescence spectroscopy at different excitation bands ranging from 412 to 600 nm.
8.3.5. Energy Dispersive Analysis of X-rays (EDAX)
Red rain sample (100 pi) was pipetted out onto a 0.2 Millipore filter in a capsule, 
allowed to air dry overnight at room temperature and analysed using an EDAX system 
fitted into an environmental SEM (Philips ESEM-XL30).
8.4. Results
8.4.1. Structural Analysis
8.4.1.1. Light Microscopy
Under a transmitted light microscope, the cells appear generally red brown in 
coloration; their shapes vary from spherical to ellipsoidal or oval and their sizes are 
between 5 pm and 10 pm. The cells are outlined by a thick wall that appears darkly 
stained (Fig.8.1).
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Fig.8.1: Light microscopy (LM) photograph of red rain cells showing variations in 
shape (spherical, ellipsoidal and oval) and size (5-8 pm). The cells have a thick wall 
outlined by darkly stained membranes. In general, the cells appear red-brown in 
coloration. Magnification: lOOx.
8.4.1.2. Electron Microscopy
Figs. 8.2 and 8.3 show cross-sections of red rain cells cut from a pellet. The 
representative electron micrographs illustrate the internal structure of different parts 
of the cells. The cells show variations in shape, size and cellular contents; these 
variations depend on the area where the cells were sectioned. In general, all cells 
show an exceptionally thick wall outlined by two darkly stained membranes, internal 
and external. The wall has an average thickness of 600 nm. Many cells also have 
additionally a 200-300 nm thick protective exterior coat, known as capsule or 
exosporium (Fig. 8.2). Some cells reveal their core or cytoplasm containing densely 
stained materials of variable shapes and sizes, some of which appear almost spherical
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with clearly defined membranes and an average size of 1000 nm in diameter. These 
nanom eter-sized objects have been identified as ‘daughter’ cells by Louis and Kumar 
(2003 and 2006), and they are squeezed out at some stage through the openings in the 
wall of the ‘m other’ cells (Fig. 8.3). Other organelles are not found in the cytoplasm 
of red rain cells such as mitochondria, endoplasmic reticulum and golgi apparatus. It 
is noteworthy how ever that whilst some ‘m other’ cells show an empty core, many 
others have an abnormally large nucleus occupying almost the entire volume of their 
cytoplasm (Fig. 8.2). The nuclear m embrane is clearly defined by its electron dense 
opacity as shown by the arrows in Fig. 8.2. Dark inclusions, apparently aggregates of 
chromatins, are seen scattered in the inside of the nucleus. The present study also used 
scanning electron microscopy (SEM) to illustrate the surface structure of the red rain 
cells. Fig.8.4 shows many cells with a concave surface structure. This inward 
depression at the centre of the cells is com parable to the cup-like structure of 
mammalian erythrocytes (Fig. 8.5) and as a result, the red rain cells were thought by 
some to be the normal red blood cells.
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Fig.8.2: Transmission electron microscopy o f cross- sections of red rain cells. The 
cells show a large nucleus which is delineated by an electron dense membrane as 
shown by the black arrows. Aggregates o f chrom atins are scattered within the nuclear 
enclosure. The nucleus occupies almost the entire area of cytoplasm. In general the 
cell wall has an average thickness of 600 nm. The wall is coated with a 250 nm thick 
layer of fibrillar materials, known as capsule or exosporium. Nucleus (N); Chromatin 
(Cr); Cell wall (CW); Capsule (Cap).
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Fig.8.3: Transmission electron micrograph o f red rain cells. (A): A ‘daughter’ cell 
(arrow) is just released from the ‘m other’. (B): A daughter cell (arrow) has enlarged, 
showing some structural characteristics o f the ‘m other’ cells. Capsule (Cap).
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Fig.8.4: Scanning electron microscopy o f red rain cells. (A): A low magnification 
micrograph showing a concave structure. (B): A high magnification image showing 
the cup-like structure; the cell surface appears granular.
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Fig. 8.5: Electron micrographs of m ammalian red blood cells. (A) A scanning electron 
micrograph of erythrocytes illustrating a concave (cup-like) structure. (B) A 
transmission electron micrograph of erythrocytes showing a thin wall; the cytoplasm 
appears granular but has no organelles.
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8.4.2. UV-Vis Spectrophotometry
The results obtained from  the present study using a UV-Visible spectrophotometer are 
shown in Figs. 8.6 and 8.7. The spectrum of neat (untreated) red rain samples contains 
an absorption peak at 207 nm (Fig.8.6). The red rain cells dissolved in DMSO 
produce a UV-Vis spectrum with two major absorption peaks centered at 338 nm and 
435 nm in the visible region (Fig.8.7).
207
790690590390 490190 290
nm
Fig.8.6: UV- Vis spectrum of neat sam ple of red rain showing a prominent bump 
centered at 207 nm.
 DMSO extract of red rain cells
 DMSO
2.5
338
4350.5 -
790690590490390190 290
nm
Fig.8.7: UV- Vis spectrum of DM SO extracted red rain sample showing two peaks 
centered at 338 and 435 nm.
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8.4.3. FTIR Spectroscopy
The analysis of red rain samples by FTIR spectroscopy shows an IR spectrum 
containing a series o f absorption peaks centered at 2.9, 3.4, 6.0, 6.2, 6.8, 7.2, 7.7, 9.6, 
10.3, 11.0, 12.4, 13.3, 18.5 and 21.0 pm  (Fig.8.8), most of which match those of UIBs 
and PPNe (Chapter 4 o f the present thesis). Fig. 8.9 displays four overlaid spectra (the 
first three tops representing species of seaweed and the fourth at the very bottom 
relating to the red rain sample). All spectra are found to resemble each other in 
waveband pattern and absorption peaks.
0.28 -1
2.9
0.26
9.6
0.24
0.22 -
0.18 - 6.23.4
18.5 21.00.16 -
13.30.14 11.0
12.4
0.12 -
0.1
252.5 10 12.5 17.5 20 22.55 15
pm
Fig.8.8: FTIR spectrum of K Br-em bedded red rain sample.
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 Red rain sample
Fucus vesiculosus (brown seaweed)
 Pelvetia canaliculata (brown seaweed)
Eneromopha intestinalis (green seaweed)
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<
2.5 5 7.5 10 12.5 15 17.5 20 22.5 25
pm
Fig.8.9: Overlaid FTIR spectra of three different species of seaweed and red rain. All 
wavebands appear sim ilar to each other and exhibit almost identical features, centered 
at 2.9, 3.4, 6.0, 6.2, 6.8, 7.2, 7.7, 9.6, 10.3, 11, 12.2, 13.2, 18.5 and 21.1pm.
Table 8.1: Distribution of infrared absorption peaks of red rain cells and astronomical 
emission bands
UIBs (pm) PPNe (pm) Red rain (pm)
3.3 3.3 -
- 3.4 3.4
6.2 6.2 6.2
- 6.9 6.8
- 7.2 7.2
7.7 7.7 7.7
- 8.0 8.0
8.6 8.6 8.6
11.3 11.3 11.0
- 12.2 12.4
- 13.3 13.3
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8.4.4. Fluorescence Spectroscopy
The present study has used a fluorescence spectrometer to analyse the red rain sample. 
The sample produces two major peaks at all excitation wavelengths from 412 nm to 
600 nm (Fig.8.10). A prominent peak is constantly centered at 670 nm at all excitation 
wavelengths, and an additional peak appears to shift from 813 nm to 850 nm. When 
all spectra are averaged, three prominent features appear at 670, 763 and 823 nm 
(Fig.8.11).
□ 412 ■ 414 □ 416 □ 418
■ 420 □ 422 ■ 424 □ 426
■ 428 ■ 430 □  432 □ 434
■ 436 ■ 438 ■ 440 ■ 442
□ 444 □ 446 □ 448 □ 450
□ 452 □ 454 □ 456 □ 458
■ 460 □ 462 □ 464 □ 466
□ 468 □ 470 ■  472 □ 474
■ 476 □ 478 ■  480 ■ 482
■ 484 ■ 486 ■ 4 88 ■ 490
■ 492 □ 494 ■  496 □ 498
■ 500 □ 502 □ 504 □ 506
■ 508 ■ 510 ■ 512 ■ 514
■ 516 ■ 518 □ 520 □ 522
□ 524 □ 526 □ 528 □ 530
0532 □ 534 □ 536 □ 538
® 540 □ 542 □ 544 □ 546
0  548 □ 550 □ 552 @554
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Fig.8.10: Emission spectra of red rain particles at different excitation wavelengths 
(412-600 nm).
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Fig.8.11: The average of emission spectra at excitation wavelengths 412-600 nm 
shows three majors peaks, 670, 763 and 823 nm, located within the extended red 
emission or (ERE) band of 540-940 nm (Ehrenfreund and Charnley, 2000).
8.4.5. EDAX
The results obtained from the energy dispersive X-ray microanalysis are shown in 
Table 8.2. The red rain cells are rich in carbon (52.1+3.3 wt %), oxygen (33.04+2.6 
wt %)  and nitrogen (8.8+0.4 wt %). Silicon (3.21+0.3 wt %) is the most prominent 
amongst the less (<1 %) abundant elements such as Al, Fe, Na, Co, P, S, Cl, K, Ca 
and Cu. Most of the chemical elements detected in the red rain cells are also found in 
the Tagish Lake meteorite such as carbon, oxygen, silicon, sulfur, iron, phosphorus 
and aluminum (Table 8.2). By contrast, Louis and Kumar (2003 and 2006) did not 
detect some of the crucial elements such as phosphorus, sulfur and calcium that are 
commonly found in biological materials.
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Table 8.2: Relative weight (%) of chemical elements detected in the red rain particles 
obtained from the energy dispersive X-ray microanalysis in comparison with those of 
Louis and Kumar (2006) and the Tagish Lake meteorite (See Chapter 6 of the present 
thesis). The figures are mean ± SD (standard deviation) of 25 measurements taken at 
random.
Elements Weight %± 
ST I)( Red Rain 
particles)
Louis and 
Kumar 
(2006)
Weight %+STD 
(Tagish Lake 
meteorite)
Carbon 50.0+3.3 49.53 47.9+3.1
Nitrogen 8.8+0.4 - 0
Oxygen 35.01+2.6 45.42 36.0+3.0
Cobalt 0.24+0.05 - 0
Aluminium 0.8 +0.2 0.41 0.7+0.06
Silicon 3.21+0.3 2.85 3.9+0.3
Phosphorous 0.2+0.04 - 0.5+0.05
Copper 0.04+0.01 - 0
Sulphur 0.2+0.02 - 2.2+0.2
Calcium 0.1+0.02 - 0.5+0.04
Iron 0.7+0.05 0.97 7.5+0.3
Sodium 0.5+0.02 0.69 0.1+0.01
Chlorine 0.1+0.02 0.12 0
Potassium 0.1+0.07 - 0
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8.5. Discussion
According to panspermia theory, the Earth was seeded in the past with 
microorganisms from outer space, and this activity is still taking place. This theory is 
recently supported by the work of Louis and Kumar (2003 and 2006) who have 
claimed that comets may harbor red rain particles in the form of biological cells. Their 
claim is based on the results obtained from the laboratory analyses on the rain 
samples. Studies on the Kerala red rain cells have provided insights into extreme 
environmental conditions in which life can inhabit in the Universe. The Red Rain 
cells could be a new algal species, or they may represent entirely new forms of life 
that would link the origin of life on Earth to life forms that might be present 
elsewhere. There are some speculations about Venus that it may be harbouring life in 
the clouds (Wickramasinghe and Wickramasinghe, 2008). Since Louis and Kumar 
(2003 and 2006) have proposed a comet as the transporter of red rain cells, this idea 
has attracted criticism.
The current controversial topic relating to the Kerala red rain cells has prompted me 
to re-examine the samples using a number of laboratory techniques and instruments. 
Under a transmitted light microscope, the natural cells appear generally red brown in 
coloration and their shape varies from spherical to ellipsoidal or oval with a densely 
stained thick wall (Fig. 8.1). Observed in a transmission electron microscope, this 
wall has an average diameter of 600 nm and is outlined by two thick membranes, 
internal and external; its external membrane is further coated with a 200-300 nm thick 
layer of fibrillar material, generally known as capsule or exosporium. The overall 
thickness of their protective layers (cell wall, outlining membranes and capsule) is 
about 850 nm, thus making the red rain cells microoganisms that have the thickest cell 
wall. It may be argued that the presence of such a thick wall should make the red rain 
cells perhaps the toughest microorganism on Earth. Louis and Kumar (2003 and 2006) 
have demonstrated that these cells can sustain growth at extremely harsh conditions 
but this result has still to be verified independently.
Their cytoplasm contains organelles of variable sizes, some of which appear almost 
spherical with an average size of 1000 nm in diameter. These nanometer sized
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globules have been identified as ‘daughter’ cells by Louis and Kumar (2003); they are 
released at some stage through the openings in the wall of their ‘mother’ cell’ 
(Fig.8.3). Many of these so called ‘mother’ cells show an almost empty core which 
may be attributed to the loss of the ‘daughter’ cells. The cells have a huge nucleus 
which takes up almost the entire volume of their cytoplasm (Fig.8.2). The nuclear 
boundary is delineated by clearly defined membranes as shown by the arrows in 
Fig.8.2. Electron dense inclusions, probably aggregates of chromatins, are scattered 
within the nuclear enclosure.
The present study used scanning electron microscopy (SEM) to illustrate the surface 
structure of the red rain cells. Many cells show a concave structure (Fig. 8.4); this 
inward depression may be attributed to the release of the daughters and other 
materials by the mother cells. It may also be argued that the structural deformation 
could result from the cytoplasmic shrinkage caused by the EM processes using 
chemical fixation and dehydration. Although both the red rain and the normal red 
blood cells show a similar surface structure as shown in Figs. 8.4 and 8.5A, their 
internal morphology is completely different (Figs. 8.2 & 8.5B). Whilst the red rain 
particles show a thick wall and cytoplasmic organelles, the normal mammalian red 
blood cells in contrast have a much thinner wall and contain no cytoplasmic 
organelles (Fig. 8.5B). Based on these ultrastructural differences, the present study 
confirms that the red rain cells are not the normal mammalian red blood cells and 
therefore rules out the concern raised by Reed (2006) that the red particles could be 
red blood cells from the bats that were hit by some strange objects while flying in the 
sky. Furthermore, the discovery of biological elements such as membraneous walls 
and cellular organelles confirms that the red rain particles are neither dust nor sand.
The results obtained from the present study using UV-Visible spectrophotometry 
show that the spectrum of neat (untreated) red rain samples contains an absorption 
peak at 207 nm (Fig. 8.6). When the red rain cells were treated in DMSO and the 
resulting DMSO extract solution was analysed, the acquired spectrum displayed two 
major absorption peaks at 338 nm and 435 nm in the visible region (Fig.8.7); the 435 
nm peak is known to be associated with the chlorophyll pigment (Raychaudhuri and 
Bhattacharyya, 2008). The detection of a feature at 207 nm in the present study is in 
agreement with the observation of Louis and Kumar (2003) who have reported the
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presence of an absorption peak near 200 nm. Louis and Kumar (2003) have attempted 
to link this near 200 nm peak to the UV extinction bump at 217.5 nm of the 
interstellar dust by assuming that the red particles are a component in the interstellar 
dust clouds. According to Louis and Kumar (2003), the shift of wavelength in the 
extinction peak may be attributed to the effect of interstellar conditions such as low 
temperature and high pressure to which the particles are subjected.
The present study using FTIR spectroscopy reveals that the red rain cells produce an 
infrared spectrum containing a series of peaks centered at 3.4, 6.2, 6.8, 7.2 7.7, 8, 8.6, 
9.6, 11.0, 12.4 and 13.3 nm, most of which match those of UIBs and PPNe (Fig. 8.8 
and Table 8.1). When compared with a number of biological materials, the red rain 
cells produce a waveband resembling those of seaweed species (Fig. 8.9). This 
discovery is rather unexpected for the following reasons: (1) the red rain particles 
were suspended in rain water fallen on Kerala, the state of India from the sky whereas 
the seaweed samples were collected from seawater in Barry, Wales, UK; and (2) their 
nature is not related to each other.
The results obtained from the fluorescence spectroscopic analysis of red rain show 
two interesting features, the first constantly peaked at 670 nm and the second shifted 
from 813 nm to 850 nm (Fig. 8.10). These bands are within the range of the extended 
red emission (ERE), 500-800 nm that has been observed in many astronomical 
sources (Gordon et., 1998; Wickramasinghe et al., 2002). Such sources include 
planetary nebulae (Furton and Witt, 1990), dark nebulae (Mattila, 1979), and entire 
galaxies (Darbon et al., 1998). According to Ehrenfreund and Chamley (2000), the 
ERE is broader (540-940 nm) and results from the photoluminence of particular dust 
grains. The carriers of ERE are the same carbonaceous compounds as those proposed 
for the interstellar extinction UV bump at 217.5 nm such as hydrogenated aromatic 
carbon, HAC (Duley, 1985), quenched carbonaceous composite, QCC (Sakata et al., 
1992), coal (Papoular et al., 1996) and polycyclic aromatic hydrocarbons, PAHs 
(d’Hendecourt et al., 1986).
The present study using EDAX shows that the red rain cells are rich in carbon, 
oxygen and nitrogen (Table 8.2). Silicon is found to be the most prominent amongst 
the less (<1 %) abundant elements such as Al, Fe, Na, Co, P, S, Cl, K, Ca and Cu.
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According to Louis and Kumar (2006), carbon and oxygen were found to be the major 
elements but nitrogen, phosphorus and sulfur were not detected. In contrast, the 
present study has detected nitrogen, phosphorus and sulfur in the red rain cells. 
Furthermore, most of the chemical elements detected in the red rain cells are also 
found in the Tagish Lake meteorite such as carbon, oxygen, silicon, sulfur, iron, 
phosphorus and aluminum (Table 8.2). Six elements (C, H, O, N, S and P) crucial for 
terrestrial lifeforms that have been found in the red rain cells, are also reported to be 
present in comets (Huebner and Boice, 1997) and interstellar clouds (Ehrenfreud et. 
al., 2002). Sulfur is one of the constituents of the insoluble organic matter found in 
meteorite (Hayatsu, and Anders, 1981; Rauf et al., 2010). Phosphorus on the other 
hand is one of the main chemical constituents of DNA molecule that is essential for 
living systems. Three phosphorus bearing molecules, PN (Turner and Bally, 1987), 
CP (G udin et al., 1990) and HCP (Agu'ndez et al., 2007) have so far been detected 
in the interstellar medium (ISM) or circumstellar sources. Louis and Kumar (2003) 
did not detect phosphorus in the red rain cells; their experiments on cell culture also 
confirmed that phosphorus was not required to sustain growth.
Furthermore, Louis and Kumar (2006) did not find DNA in the red rain cells using 
dische diphenylamine reagent and ethidium bromide fluorescent dye; they have 
explained that the red rain cells may have evolved without DNA as a survival strategy 
to protect themselves from the stellar radiation damage. Unlike Louis and Kumar 
(2003 and 2006), Miyake (2009) has recently found DNA in the red rain cells using a 
DAPI (4’, 6- diamidino-2-phenylindole) staining method. The present study using 
electron microscopy also confirms the presence of a large organelle having the 
characteristics of a nucleus (Fig. 8.2). The fundamental question still remains 
unanswered as to whether the red rain cells like any terrestrial living organisms carry 
thermally unstable DNA as their genetic molecule or thermostable proteins as their 
first informational macromolecules. It may be suggested that to sustain growth, the 
red rain cells may rely on more stable proteins than DNA (Louis and Kumar, 2003). 
All known living systems on earth are known to be unable to survive at 100 °C, let 
alone 300 °C. Under these temperatures, their metabolic activities completely shut 
down. However, there are reports that some microorganisms isolated from the ocean 
hydrothermal vent systems and deep-sea oil wells can grow even at 121 °C, such as 
Pyrolobus fumarii (Blochl et al., 1997), and Strain 121 (Kashefi and Lovley, 2003).
These microorganisms are known as hyperthermophiles, and can thrive in such a high 
temperature because of their ability to evolve either by altering their metabolism or 
genetic make-up (Grogan, 1998).
Electron microscopy confirms that the red particles are biological materials with a 
structure resembling that of spores of a microorganism yet to be properly identified. 
Their amazingly thick cell wall may suggest that the red rain cells can survive in 
extremely harsh environmental conditions. The present investigation using ED AX has 
shown that the red rain cells contain all biogenic elements that are ubiquitous in the 
interstellar medium. Their mineralogy is also similar to that of carbonaceous 
meteorites. The cells display UV-Visible, IR and fluorescence wavebands containing 
features whose wavelengths mostly match those of astronomical observations. The IR 
spectrum of the red rain cells remarkably resembles those of seaweed species. The 
cells are equipped with an abnormally large nucleus that takes up almost the entire 
volume of their cytoplasm.
The evidence presented in this current study seems to offer a plausible explanation 
that the red rain cells could be closely related to the original species of a 
microorganism that was involved in the evolution of early life on Earth. It would be 
interesting to study the survival behaviour of this organism in space conditions, and 
this study could provide an insight into its origin. The issue of whether the red rain 
cells contain DNA still remains controversial. Further studies are required to help 
resolve this contentious topic. One of the contemporary methods that may be 
suggested is to characterize the DNA molecular structure by polymerase chain 
reaction (PCR).
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CHAPTER 9
Study of Putative Microfossils in Space 
Dust from the Stratosphere by Scanning 
Electron Microscopy and UV-Vis 
Spectroscopy
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9.1. Summary
Interplanetary dust particles (IDPs) have recently been recovered from the 
stratosphere using a cryosampler flown below a balloon flying at altitudes of 20-41 
km. The present study uses high resolution scanning electron microscopy (SEM) and 
UV-Visible spectrophotometry to examine samples collected by this method at 38-41 
km. The SEM observations confirm the presence of 7-32 pm sized clusters of 
coccoidal (0.4-1.3 pm in diameter) and rod shaped (0.6-2.5 pm in length) objects as 
components of the IDPs complex. Many single globules (1.6-9.0 pm in diameter) are 
also observed, some of which exhibit a rough surface with filamentous features of 
variable lengths. The spectrophotometry of the particles in aggregate reveals a 
prominent peak centered at 216 nm, remarkably similar to that of diatoms and close to 
the UV astronomical feature of 217.5 nm which has been identified as the spectral 
characteristic of aromatic hydrocarbons. The evidence presented here suggests that the 
stratospheric particles are IDPs comprising an assortment of materials among which 
are included microfossil-like features in variable sizes and forms such as coccoids, 
rods and filaments.
9.2. Introduction
9.2.1. The Earths’ Atmosphere
The atmosphere of the Earth is thick near its surface and gradually thins out as altitude 
increases until it completely merges with space. The total thickness of the atmosphere 
takes up approximately 1 % of the Earth’s radius. The Earth’s atmosphere is made up 
of the following layers distinguishable by their specific temperatures as shown in 
Table 9.1.
Troposphere is the lowest and denser layer of the atmosphere, with altitudes 
extending from 8 km at the poles to 16 km over the equator, and contains about 75 % 
of the total mass of atmospheric gases. Nearly all atmospheric water vapour and 
aerosols are found in this layer. The average temperature decreases from 15 °C at sea
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level to about -56.5 °C at the top. A narrow transition zone, known as tropopause, is at 
the upper edge of the troposphere.
Stratosphere is the second layer of the atmosphere immediately above the 
troposphere but below the mesosphere. It contains about 10 % of the atmospheric 
mass and extends upward about 50 km from the surface of Earth. The highest 
temperature in the stratosphere is only around 0 °C, this is because of the localized 
concentration of ozone gases that absorb ultraviolet sunlight, thus creating heat energy 
which warms the stratosphere (Barry and Chorley, 2003). A transition zone that 
separates the stratosphere from the mesosphere is known as stratopause.
Mesosphere is immediately above the stratosphere, extending to about 90 km. This is 
the region where the atmosphere reaches its coldest temperatures (-133 °C). The top 
of the mesosphere is another transition zone known as the mesopause.
Thermosphere is the last atmospheric layer where the temperature can rise to 
1,200 °C. The lower part of the thermosphere, from 80 to 550 km above the Earth's 
surface, is ionosphere. The zone extending from the ionosphere to about 10,000 km 
forms the exosphere which gradually merges with space.
Forming a protective shield and maintaining a continuous circulation of hot and cold 
air around the Earth, these atmospheric layers provide favourable conditions for life to 
exist on our planet. The Earth’s atmosphere contains gases and aerosols of various 
forms. The major gases are made up of nitrogen (79 %) and oxygen (20 %) (Barry and 
Chorley, 2003).
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Table 9.1: Some Characteristics of Atmospheric Layers
Layers of the 
atmosphere
Height from the 
surface of Earth 
(km)
Temperature (°C) Pressure
(mbar)
Troposphere 8-16 25 to -56.5 500
Stratosphere 50 -56.5 to 0 1
Mesosphere 90 0 to -133 0.01
Thermosphere >90 -133 to 1200 < 0.001
9.2.2. Aerosols
The aerosols that were found in the stratosphere, originate from Earth and space; these 
include particles suspended in sea salt, mineral dust (particularly silicates), organic 
matter and smoke (Barry and Chorley, 2003). According to Renard et al. (2001 and 
2005), the aerosols in various forms are present in significant quantities in the middle 
atmosphere.
9.2.3. Interplanetary Dust Particles (IDPs)
The IDPs are either cometary dust particles, or fragments resulting from collision 
between asteroids. They are considered as ‘primitive meteorites’ since they contain 
preserved materials that pre-exist the formation of the solar system (Messenger,
2000). These have become known as IDPs (interplanetary dust particles) and have 
distinctive compositions (similar to carbonaceous and stony meteorites) and 
morphologies. Numerous IDPs have bulk mineralogy resembling that of Cl and CM 
carbonaceous chondrites whereas many other are C-rich materials similar to comets 
(Rietmeijer et al., 1998). Tens of tons of these particles are believed to enter daily the 
Earth’s atmosphere, but during the entry most of which (about 70%) vaporised into 
smoke of sub-micrometer sized particles (Biermann et al., 1996). However, large 
particles with sizes up to 500 pm, remain intact and are mostly detected into the 
stratosphere (Brownlee, 1985; Maurette et al., 1991).
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9.2.4. Microorganisms in space
The theory of cometary panspermia proposes that grains in space consist of a mixture 
of complex organics, and that their inclusion in many hundred billions of comets leads 
to transition from prebiotic matter into primitive bacterial cells (Wickramasinghe, 
1974; Hoyle and Wickramasinghe, 1976; Wickramasinghe, et al., 1977; Hoyle and 
Wickramasinghe, 1977). It has been suggested that pre-existing viable bacterial cells 
derived from the interstellar space may have been present in comets in the primitive 
solar system. This proposal is based on the following evidence: (1) the extinction 
properties of interstellar dust match precisely the expected behaviour of freeze-dried 
bacteria. (Hoyle and Wickramasinghe, 1979); (2) the infrared absorption by dust in 
the 2.9-3.9 pm waveband for the galactic centre source GC-IRS7 has a distinctly 
bacterial signature (Hoyle, et al., 1982; Rauf and Wickramasinghe, 2010); and (3) the
o
217.5 nm (2175 A) ultraviolet extinction is better explained by an ensemble of 
biological aromatics than by spherical graphite grains (Hoyle and Wickramasinghe, 
1991; Rauf and Wickramasinghe, 2010). Other astronomical evidence such as the 
diffuse IR bands, the complex organic composition of cometary dust and the extended 
red emission in the red rectangle, also serve to corroborate this proposal. However, 
the suggestion that the universe is replete with cosmic life, is slow to gain wide 
acceptance.
In the early years of the space age, attempts were made to probe the upper atmosphere 
for the presence of microorganisms. The NASA-supported balloon program (Bruch, 
1967) and Soviet rocket experiments (Lysenko, 1979) made attempts to show direct 
evidence for the presence of extraterrestrial microorganisms in the upper atmosphere, 
but the results were judged to be inconclusive due to the primitive nature of the 
sterilization procedures. Using rocket probes, Imshenetsky et al. (1978) claimed to 
have detected and isolated a wide range of common bacteria and fungi from the 
stratosphere at heights of 48-77 km. This claim has attracted an interest amongst 
astrobiologists since it has long been known that most microorganisms are restricted 
to the lower atmosphere at a height less than 17 km (Wainwright et al., 2006). In 
recent years, improved methodologies have been developed for the identification of 
microorganisms and stringent protocols applied to almost eliminate contamination
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from sampling and laboratory processes (Smibert and Kreig, 1994; Lopez-Amoros et 
al., 1995; Lai et al., 1996; Narlikar et al., 1998).
Claims to find viable microorganisms in the upper stratosphere met with much 
scepticism. A common criticism concerns terrestrial contamination from sample 
handling and laboratory processes. In recognition of this criticism, stringent 
procedures have been used in the present investigation to prevent possible 
contamination during sample preparation. Experience at Cardiff with scanning 
electron microscopy (SEM) gives high confidence in distinguishing contaminant 
particles from IDP-like cluster particles, while elemental composition identified via 
the ED AX facility adds credibility and confirmation (Miyake, 2009). The current 
investigation uses high resolution environmental SEM and UV-Visible 
spectrophotometry to examine in detail some microdust samples collected at 38-41 
km altitude.
9.2.5. Aim of the study
The present work re-examined the stratospheric air samples collected by the Indian 
group (Indian Space Research Organisation/Tata Institude Balloon Facility) using 
scanning electron microscopy and UV-Visible Spectrophotometry. The findings 
obtained from this independent investigation may help to confirm whether the 
samples show structural characteristics similar to those previously reported. 
Furthermore, the UV-Vis spectrophtometric data should provide an insight into the 
nature of these samples and possibly their origin.
9.3. Materials and Methods
9.3.1. Collection of stratospheric air samples
The stratospheric air samples were collected at altitudes between 30 km and 41 km 
using a cryosampler attached to a balloon according to the procedure as described in 
detail by Narlikar et al. (2003). The cryosampler was made of stainless steel and fitted 
with 16 probes. The whole assembly was electron-beam welded and electron plated.
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The cryosampler in pre-testing was found to be capable of withstanding temperatures 
between -246 °C and 140 °C. Before use, the interior components (probes and 
manifolds) were cleaned with acetone and thoroughly washed in de-mineralized 
water, steam-baked and heated with an infrared lamp to 140 °C. During the balloon 
ascent, the probe inlet was closed via a metallic valve. The inlet was opened and 
closed via radio-signal from ground. The air samples were passed through cellulose 
acetate filters (0.2 pm and 0.45 pm pore sizes) as described by Harris et al. (2001). 
Due to limited availability of the samples, the present study examined only the 0.45 
pm pore membranes.
9.3.2. Scanning Electron M icroscopy
Millipore filters (0.45 pm pore size) carrying the samples were cut into pieces (12 mm 
xl2 mm) with a sharp razor blade, attached with sticky carbon tape onto metal stubs 
and gold coated. This sample preparation was conducted in a clean double-filtered air 
chamber. The samples were examined using a high resolution environmental scanning 
electron microscope (Philips XL 30-ESEM) operated at 25-30 kV. Filter membranes 
containing no stratospheric samples were used as controls, being mounted and 
examined by SEM in exactly the same way.
9.3.3. UV- Visible Spectrophotometry
The filter containing the stratosphere particles was placed in cyclohexane in a glass 
container and the particles removed by sonication for 15 mins. The particles were 
suspended in cyclohexane (1 ml) for 30 mins, and the mixture centrifuged at 13000 
rpm for lOmins. The clear supernatant was transferred to the UV-Visible 
spectrophotometer (JASCO V-570 UV/VIS/NIR spectrophotometer) for analysis.
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9.4. Results
9.4.1. Scanning Electron Microscopy of stratospheric air samples
Scanning electron microscopic observations reveal that the membranes contain 
materials of variable shapes and sizes, most of which appear in clusters. The clusters 
are sized between 3 and 32 pm across (Figs. 9.1-9.6), and are formed by coccoidal 
particles that are intermixed in places with rod or tubular objects (Figs. 9.1, 9.2 and 
9.3). The sizes of coccoids are measured between 0.4 pm and 1.3 pm whereas those of 
rod or tubules vary from 0.6 pm to 2.5 pm in length (Fig.9.1A). Many globules with 
sizes ranging from 1.6 pm to 9 pm can also be observed in places (Figs. 9.3B, 9.4 and 
9.5), some of which show a surface covered with small granules of 40-300 nm in 
diameter (Fig. 9.3) and filamentous features (Fig. 9.6). None of the above features 
were found on the filter membranes used as controls.
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Fig. 9.1: Scanning electron micrographs of stratospheric air samples on 0.45 pm 
cellulose acetate filter. (A) A 20 pm sized clump formed by spherical particles (0.4- 
1.3 pm in diameter) as shown by arrow heads and rod shaped particles (0.6-2.5 pm in 
length) as shown by arrows. (B) A 32 pm clump formed by rod shaped (2.0-5.0 pm in 
length) as shown by arrows and spherical features (0.4-2.0 pm) as shown by arrow 
heads.
174
Fig.9.2: Scanning electron micrographs of stratospheric air samples. (A) A 28 pm 
cluster of materials showing variable shapes from spherical (1.5-4.0 pm in diameter) 
as shown by arrow heads to irregular shaped objects (4.0-9.0 pm) as shown by 
arrows; few isolated filamentous or tubular objects can be occasionally seen (white 
arrow). (B) A 16 pm clump formed by aggregates (2.5-4.5 pm across); these 
aggregates are composed of smaller granules; tubular features of variable thickness 
(90-500 nm) as shown by arrows, some of which are intermixed with the granules 
(40-300 nm) as shown by arrows.
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Fig.9.3: Scanning electron micrographs of stratospheric air samples. (A) A 7.0 pm 
sized clump formed by small aggregates (0.6-3.0 pm) as shown by arrows; these 
aggregates are covered with granules (40-200 nm) as shown by arrow heads; white 
arrows show filamentous or tubular objects. (B) A 7.0 pm globule with a rough 
surface structure covered with tiny granules and rod shaped features as shown by 
arrow.
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Fig.9.4: SEM micrograph of stratospheric air particles. (A) A 12 pm clump showing 
globules with a smooth surface structure of variable sizes arranging from 2.0 pm to 
3.3 pm (as shown by white arrows); some globules showing a rough surface are sized 
between 1.6 pm and 1.8 pm (as shown by a black arrow). (B) A 3 pm globule 
showing a rough surface structure.
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Fig.9.5: SEM micrograph of stratospheric air particles. (A) A partially broken 9 pm 
globule showing its internal structure. (B) A 3 pm globule showing its coccoidal 
shape and rough surface structure; its appearance looks like a cell division with a 
septa in the middle separating two cells as shown by a black arrow; extracellular 
materials can be seen attached to the globule as shown by white arrows.
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Fig.9.6: SEM micrograph of stratospheric air particles. (A) A 9 pm sized globule 
showing extra cellular filaments (arrows). (B) A 11 pm globule showing its rough 
surface covered with filamentous objects of variable lengths (as shown by arrows).
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9.4.2. UV-Vis Spectroscopy of stratospheric air samples
The UV-Visible spectrophotometric analysis of cyclohexane-dissolved samples 
produce a prominent peak shifted to 216 nm, close to the 217.5 nm UV astronomical 
feature (Fig. 9.7).
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Fig.9.7: UV-Visible spectrum of stratospheric air samples dissolved in cyclohexane.
A prominent feature is observed at 216 pm.
9.5. Discussion
The present study using UV-Visible spectrophotometry shows that sample dissolved 
in cyclohexane displayed a band centered at 216 nm which is close to the 217.5 nm 
astronomical UV feature (Fig. 9.7). This astronomical feature has been found along 
every galactic line of sight (Mathis, 1993; Draine and Malhotra, 1993; Sandford, 
1996; Bradley et al., 1992 and 1999).
The presence of microorganisms in stratosphere has been confirmed by a number of 
studies using a cryosampler attached to a balloon flying at altitutes of 20-41 km 
(Harris et al., 2001; Narlikar et al., 2003; Wainwright et al., 2003; Griffin, 2004). In 
early years, Imshenetsky et al. (1978) detected microorganisms even at much higher
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altitudes (48-77 km). In some cases, several microorganisms found in the stratosphere 
were successfully isolated and cultured in normal terrestrial growing conditions 
(Imshenetsky et al., 1978; Wainwright et al., 2003 and 2004b).
The present study using a high resolution environmental scanning electron 
microscope reveals the presence of 3-32 pm sized-clusters of coccoids intermixed 
with elongated features (Figs. 9.1 and 9.2). Other materials that were also found 
include globules, some of which appear to have a granular surface structure (Figs. 
9.3B, 9.4A and 9.5B). Some of these globules display structural characteristics of 
bacteria such as coccoids showing an apparent cell-division with extracellular 
materials (Fig. 9.5B) and flagella (Fig. 9.6A). The ovoid features as shown in Fig. 
9.1 A appear similar in size and shape to nanobacteria found in travertine and 
limestone (Folk, 1993) and in Pleistocene ground water (McBride, 1994). The above 
features may possibly be regarded as products of terrestrial contamination from 
sample handling and laboratory processing. However, none of these were observed on 
the membranes used as controls, thus suggesting an endogenous origin. The discovery 
of macrosized clusters of coccoids by the present study goes to confirm the 
observations made by Harris et al. (2001) and Wainwright et al. (2003 and 2004a). 
Furthermore, the long filamentous features as shown in Figs. 9.2B, 9.3A and 9.6 
appear similar in structural characteristics to microfossils that have been found 
embedded in some carbonaceous meteorites such as Orgueil and Murchison (Hoover, 
2009). Miyake (2009) and Miyake et al. (2009) ascribed these clusters to aggregates 
of interplanetary dust particles (IDPs) rich in carbon and found the rods are siliceous, 
suggesting that they are fragments of diatoms. Both diatoms and bacteria display an 
absorbance feature near 220 nm (2200A) similar to the observed UV spectral 
properties of interstellar grains, thus supporting the concept of a cosmic 
microbiological system in which these microorganisms might exist on comets 
(Hoover et al., 1999).
Although the present data obtained from morphological and UV spectral analyses of 
stratospheric particles suggest that materials of biological origin are likely to be 
present in the samples, it may be argued that not all of the observed particles are of 
the same nature. The ovoid and elongated features could be the products of partial 
dissolution of the carbonate which is abundant in IDPs, and have been reported to be
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similar to bacterially induced carbonate precipitation (Buczynsik and Chefetz, 1991; 
McKay et al., 1996). A study made by Wainwright et al. (2004a) using SIMS has 
demonstrated that several clusters of bacteria-like particles found in the same 
stratospheric air samples are not biological, and thus pointed out that the SEM- based 
observation in itself cannot be used as evidence for the presence of bacteria in the 
stratosphere.
The early claim (Imshenetsky et al., 1978) to have detected and isolated a wide range 
of common bacteria and fungi via rocket probes to heights of 48-77 km is beset with 
contamination objections. The recent studies using cryosamplers attached to balloons 
flying at altitudes of 20-41 km have largely overcome that problem (Harris et al., 
2001; Narlikar et al., 2003; Wainwright et al., 2004b). The microorganisms recovered 
from the stratosphere include bacteria-like particles (Harris et al., 2001; Narlikar et 
al., 2003; Wainwright et al., 2004b), two bacteria (B. simplex and S. pasteuri) and one 
fungus (Engyodontium album) (Wainwright et al., 2003), P. Stutzeri (Narlikar et al., 
2003) and species of Penicillium and two bacteria (B. luciferensis and B. sphaericus) 
(Griffin, 2004). While most microorganisms appear unlikely to survive under the 
harsh stratospheric conditions with low temperature and strong ultraviolet radiation, 
some microorganisms utilise protective strategies such as clumping, forming thick cell 
walls, carbonising outer layers and embedding in carbonaceous dust (Narlikar et al., 
2003; Wainwright et al., 2006). Furthermore, microorganisms can survive quite 
extreme conditions of temperature, pressure and even radiation (Hoyle and 
Wickramasinghe, 2000). Seeker et al. (1994) have shown that a few microns thick 
carbonaceous coating of bacterial cells provides a protective shield against radiation. 
Microorganisms such as spore forming bacilli (B. simplex) (Whisler, 1940) and clump 
forming bacteria (B. subtilis and Staphylococcus aureus) (Homeck, 1998; Darling,
2001) are relatively resistant to radiation. The pigmented microbes in the mesosphere 
discovered by Imshenetsky (1946) led him to propose that UV resistance is given by 
protective pigments (melanins and carotinoids) and suggest natural selection for these 
pigments.
The conclusion that microorganisms found in the stratosphere are extraterrestrial is 
contested by some on the basis of possible terrestrial contamination resulting from 
sample handling or laboratory processes. If laboratory contamination can be excluded,
182
an extraterrestrial origin is supported by the argument that terrestrial microbes can not 
be lofted easily above 17 km except in rare exceptional situations. This is because the 
tropopause forms a barrier that restricts their upward movement to higher altitudes. 
However, there have been attempts in recent years to explain the possible mechanisms 
whereby microorganisms could reach the stratosphere from Earth. For example, 
Wainwright et al. (2006) have cited the following mechanisms that are thought to be 
able to transport microorganisms into the stratosphere from Earth: (1) volcanic 
eruption by which microorganism could be ejected into the stratosphere through the 
tropopause, (2) blue lightening strikes causing conical blue jets transporting 
microorganisms upward to an altitude of 70 km, (3) thunderstorms and Forrest fires 
sending upward plumes of smoke including microbial particles into the stratosphere 
and (4) gravito-photophoresis (GP), a mechanism whereby materials including 
microorganism could be transported upward to the stratosphere or at altitude of 10-85 
km. Some of these mechanisms have also been suggested in early reports such as the 
blue lightening strikes (Pasko et al., 2002) and gravito-photophoresis GP (Rohatschek, 
1996). Imshenetsky et al. (1978) claimed that microorganisms were registered in a 
great number in the mesosphere during dust storms as compared to the absence of 
strong winds, but that is consistent with contaminants collected in flight through the 
troposphere. Terminal speeds for settling through the atmosphere are higher for larger 
sizes (and mean density). Moreover lofting mechanisms are likely to discriminate in 
favour of smaller sizes, yet the recovered IDP-like particles show no statistical 
weighting to micrometer sizes.
Some may argue that not all microorganisms found in the stratosphere originated from 
the earth, especially those clumps of bacteria-like particles reported by Harris et al. 
(2001). These bacteria-like particles cells were found to express some non-terrestrial 
characteristics; for example, they appeared viable but lacked one of the important 
characteristics of terrestrial microorganisms, that is an ability to proliferate in normal 
culturing conditions. It may be argued that the non-culturable cells may have been 
carbonized or deactivated and subsequently degraded by exposure to cosmic rays and 
UV radiation, thus resulting in the production of free organic molecules. Evidence for 
such disintegrations has been presented for years (Bigg, 1983) and organic structures 
found in the particles collected by U2 aircraft were shown to remain intact (Clemett et 
al., 1993). However, it has been reported that some microorganisms found in the
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stratosphere were successfully isolated and cultured in normal terrestrial growing 
conditions (Imshenetsky et al., 1978; Wainwright et al., 2003 and 2004b).
The absence of a plausible explanation for lofting our 7-32 |im clusters through the 
stratosphere to 40 km altitude adds weight to our identifying these materials as 
interplanetary dust particles (IDPs) and particularly carbonaceous IDPs (Miyake, 
2009). Although the detection in the samples of microfossil-like materials such as 
coccoids, rods and filaments suggests a biological origin, and the UV spectral data is 
consistent with this biological identification, more substantive evidence is needed to 
confirm this identification.
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CHAPTER 10 
Concluding Remarks
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The primary aim of the present thesis was to explore the current status and validity of 
various models of interstellar and cometary dust. Panspermia theories require a 
substantial mass fraction of sub-micron particles in the galaxy to be derived from 
biology. Astronomical spectroscopy from the far-infrared to the ultraviolet provides 
stringent constraints on permissible models. The ‘standard’ models of interstellar dust 
involve mixtures of silicates, graphite and organics, the organics being the carriers of 
spectral features, such as the UIBs and the 2175 A interstellar absorption feature. It is 
shown that abiotically generated mixtures of organic grains appear to be contrived to 
fit the data and are therefore unsatisfactory.
Biologically generated cells -  algae, bacteria, grasses -  together with their 
degradation products match astronomical data over the IR and UV wavebands without 
further ad hoc assumption. Investigations of the Tagish lake and Carancas meteorites 
and stratospheric dust, all of which have a generic link to comets, show evidence of 
biology and putative microfossils to varying degrees.
Evidence in the thesis is consistent with life being a cosmic phenomenon. The 
biosphere of our planet could extend to the edge of our galaxy at least and possibly 
beyond.
Future Directions
The work on the Carancas meteorite has left several unanswered questions. Are the 
ovoid and elongated features artefacts resulting from terrestrial contamination or 
space weathering? If they are of terrestrial orgin, when and where did the 
contamination occur? Large scale studies may be required to determine the origin of 
these objects, and to find out whether they are of biological nature. If they are 
biomarkers, are they bacterial cells and if so, do they remain viable ? Baterial cell 
viability can be determined using a fluorescent membrane sensitive dye, cationic 
carbocyanine or Live/Dead BacLight Bacterial Viability Kit. Both methods require the 
use of a fluorescence microscope. The latter can also be used with a fluorescence 
microplate reader, flow cytometer or fluorometer. High resolution imaging will 
require deployment of a confocal microscope. The subsequent procedures (isolation,
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culturing and identification of viable cells) can also be followed with the use of 
microbiological techniques. Moreover, the bacterial material (if successfully cultured) 
can then be compared with microbial flora around the impact crater where the original 
meteoritic fragment was collected.
Since the work of Louis and Kumar ( 2003 and 2006) on the Kerala red rain was 
published, the suggestion that the red cells are of cometary origin has been hottly 
disputed. Furthermore, my current work (Chapter 8) and that of Miyake (2009) have 
revealed the presence of DNA materials in the Kerala red rain cells, and these findings 
contradict the claim made by Louis and Kumar (2003) that these cells are devoid of 
DNA. This highly controversial issue remains to be resolved. One of the 
contemporary biochemical methods that may be proposed is to use polymerase chain 
reaction or PCR to determine whether the red rain cells contain DNA materials. It 
would also be useful to study the cultureability of the red rain cells under very 
extreme environmental conditions and their adaptability to the living environment of 
extrememophiles.
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Abbreviations
CP IDPs Chondritic Porous Interplanetary Dust Particles
DIBs Diffuse Interstellar Bands
DMSO Dimethyl Sulfoxide
E Kinetic energy
ED AX Energy Dispersive Analyser of X-rays
ELA l'Ensemble de Lancement Ariane
EM Electron Microscope
ERE Extended Red Emission
ESA European Space Agency
ESEM Environmental Scanning Electron Microscope
FIR Far-infrared
FTIR Fourier Transform Infrared Spectrometer
FWHM Full Width at Half Maximum
GC-IRS Galactic Centre- Infrared Astronomical Satellite
GEMS Glass with Embedded Metal and Sulfides
GP Gravito-Photophoresis
HAC Hydrogenated Amorphous Carbon
I Intensity
IAU International Astronomical Union
IDPs Interplanatery dust particles
Io Incident intensity
IR Infrared
IRAS Infrared Astronomical Satellite
IRIS Infrared Interferometer Spectrometer
ISAS Institute of Space and Astronomical Science
ISM Interstellar Medium
ISO Infrared Space Observatory
IUE International Ultraviolet Explorer
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JAXA Japan Aerospace Exploration Agency
KBr Potassium bromide
LED Deuterium arc lamp light emitting
LM Light microscopy
m Mass
NASA National Aeronautics and Space Administration
NEAs Near Earth Asteorids
NIVR Nederlands Instituut voor Vliegtuigontwikkeling en Ruimtevaart
PAHs Polycyclic Aromatic Hydrocarbons
PCR Polymerase Chain Reaction
PHAs Potentially Hazardous Asteroids
PPNe Proto-Planetary Nebulae
QCC Quenched Carbonaceous Composite
RNA Ribonucleic Acid
RT Room Temperature
SD Standard Deviation
SEM Scanning Electron Microscope
SERC Science and Engineering Research Council
SIMS Second Ion Mass Spectrometer
SIRTF Space Infrared Telescope Facility
T Transmittance
TEM Transmission Electron Microscope
UIBs Unidentified Infrared Bands
UV Ultraviolet
UV-Vis Ultra violet-Visible
v Speed
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Evidence for biodegradation products in 
the interstellar medium
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Abstract: The interstellar absorption band centred on 2175 A that is conventionally attributed to 
monodisperse graphite spheres o f radii 0.02 pm is more plausibly explained as arising from biologically 
derived arom atic molecules. On the basis o f pansperm ia models, interstellar dust includes a substantial 
fraction o f biom aterial in various stages of degradation. We have modeled such an ensemble of 
degraded biomaterial w ith laboratory spectroscopy o f algae, grass pigments, bituminous coal and 
anthracite. The average ulrtraviolet absorption profile for these materials is centred at 2175 A with a full 
width at half maximum of 250 A, in precise agreement with the interstellar extinction observations. 
M id-infrared spectra also display general concordance with the unidentified interstellar absorption 
features found in a wide variety of astronom oical sources.
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Introduction
Some four decades ago. ultraviolet (UV) stellar spectroscopy 
was born with the deploym ent o f telescopes and instrum ents 
flown above the atm osphere. W hen stellar spectra were first 
examined at wavelengths shortw ard o f 3000 A, an interstellar 
absorption band centred at 2175 A with a half-w idth at full 
maximum of ~ 250 A was discovered in the spectra o f m ost 
reddened stars (Stecher 1965: W ickram asinghe 1967). The 
average interstellar extinction curve showing this feature is 
shown in Fig. 1. where the observed interstellar extinction 
curve is decomposed theoretically into three com ponents. 
C om ponent 1 represents scattering by dielectric grains with 
sizes and properties resembling bacteria. C om ponent 2 is the 
extinction due to an absorber producing the mid-UV band, 
and com ponent 3 represents a population  o f nanom etric­
sized dielectric particles (Hoyle & W ickram asinghe 1999; 
W ickram asinghe et al. 2009).
W hilst the m ean extinction curve for dust in the solar 
vicinity is well represented by the upperm ost curve in Fig. 1. 
stars in other regions o f the G alaxy and in external galaxies 
show a m odest degree of variability. Such variability is con­
sistent with differing proportions o f the com ponents 1, 2 and 
3. Fig. 2. from  Boulanger et al. (1994), shows how individual 
stars show varying relative am ounts o f the 2175 A carrier. 
Boulanger et al. (1994) also discuss the correlation between 
the strength o f the UV absorp tion  peak and the m id-infrared 
(IR) emission bands th a t could be interpreted as arising 
from a com m on m olecular carrier (Hoyle & W ickram asinghe 
1989).
The attribution  o f the 2175 A extinction bum p by Hoyle 
and W ickram asinghe to small graphite spheres is now widely 
accepted, with such a com ponent included in m ost models 
o f interstellar grains (Hoyle & W ickramasinghe 1962, 1969; 
M athis 1990; D raine 2003). There are, however, serious pro­
blems associated with the graphite model (W ickramasinghe 
et al. 1992). The requirem ent of graphite, which has a planar 
lattice structure, to be in the form of small spheres in inter­
stellar space appears scarcely plausible, as indeed does the 
requirem ent that the size dispersion around a central size 
0.02 (am be vanishingly small. A lternative molecular expla­
nations of the 2175 A absorption, first proposed by Hoyle and 
W ickramasinghe in 1977, involve arom atic organic molecules 
(Hoyle & W ickramasinghe 1977). In this paper we show that 
such molecules are m ost reasonably interpreted as being 
degradation products o f biology.
Microbial dust and polycyclic arom atic 
hydrocarbons
Some recent models o f interstellar dust have included an 
abiotic polycyclic arom atic hydrocarbon (PAH) com ponent 
that, under appropriate circumstances, could produce a \  = 
2175 A absorption band (W itt et al. 2006). However, for 
PAHs and other complex organic molecules to form abioti- 
cally poses serious problem s, in particular with the require­
m ent tha t com pact PAHs are in high ionization states. An 
alternative model th a t fits the general context o f pansperm ia 
is tha t organic dust and molecules in interstellar space 
include a substantial com ponent derived from biology itself.
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According to this point o f view, m icrobial cells replicate in 
liquid interiors o f prim ordial com ets and are distributed 
widely across the galaxy (W ickram asinghe et al. 2009). Inter­
stellar m aterial would then include the detritus o f biology -  
microbial cells in various stages o f degradation  and break-up. 
The degradation of cells in H II regions and in other high 
radiation environm ents is o f course inevitable. W hilst 
wholesale destruction, if  it occurs, w ould vitiate a pansperm ia 
model, the requirem ent for pansperm ia to  operate unhin­
dered is that a fraction, less than  one p art in 1020, survives 
from one am plification site to  the next; this condition would 
seem impossible to violate.
Experim ents and m ateria ls  used
O ur model thus leads to  a com ponent o f interstellar dust 
grains that start off as in tact viable cells and end up as 
coal-like grains. In order to  model the effects o f sequential
degradation we took algal cells and grasses as a starting 
point, and m easured the absorption properties o f the follow­
ing:
(1) algae and grasses;
(2) semi-anthracite;
(3) anthracite.
Samples (2) and (3) represent the last stages in a putative 
biodegradation sequence.
The sources o f the m aterial were as follows:
•  Oedogonium  sp (a fresh water species o f green algae) col­
lected from R oath  Park, Cardiff;
•  grass from the Santa Cruz island of the G alapagos pro­
visionally identified as Panicum m axim um ;
•  both  bitum inous coal (semi-anthracite) and anthracite 
were obtained from  Geo Supplies Ltd., UK.
We were prim arily concerned with the precise placement 
o f a 2175 A absorption feature in all o f these systems, which 
were dispersed and dissolved in a non-polar solvent. We also
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examined m id-IR  spectra o f the same systems dispersed 
in KBr discs, with a view to  com paring them  with the 
Unidentified IR Bands (UIBs) in interstellar m aterial.
M ethods o f  sample m ounting and preparation
For UV and visual spectroscopy, the samples were dis­
solved in cyclohexane -  a non-polar solvent. Algae, grasses, 
sem i-anthracite and an thracite (approxim ately 70 mg in each 
case) were individually added to cyclohexane (500 pi) and 
dissolved. The use of a non-po lar solvent elim inates the effect 
of wavelength shifts. All samples were ag itated  for a few 
m inutes and allowed to stand still on the bench for 15 m inutes 
to allow the sedim entation to  com plete. A  clear solution 
(100 ul) was carefully pipetted ou t from  the top  and  placed in 
a test tube containing the solvents (3.5 ml). The tube was 
briefly agitated and transferred  into a spectrophotom eter 
(JASCO V-570 UV visible im aging system (VIS)/'near in fra­
red (N IR ) spectrophotom eter).
F or IR  spectroscopy, the sam ples were first subjected to  
vigorous grinding using an agate pestle until a fine pow der 
w as obtained. The sam ple (0.2 mg) was em bedded in K Br 
(20 mg), and the resulting m ixture was transferred  in to  a 
small blending mill (SPECAm ill™ . K ent, U K ) for further 
grinding. A fter 10 m inutes, the sam ple was subjected to
Table 1. Distribution o f  two astronomical observations 
( UIBs and proto-planetary nebulae {PPNe)) and major IR  
absorption bands in laboratory models o f  terrestrial origin.
U I B s P P N e A l g a e G r a s s e s
B i t u m i n o u s
c o a l
A n t h r a c i t e
c o a l
3 .3 3 .3 3 .3 - 3 .3 3 .3
- 3 .4 3 .4 3 .4 3 .4 3 .4
6 .2 6 .2 6 .0 6 .1 6 .2 6 .2
- 6 .9 6 .9 6 .9 6 .9 6 .9
- 7 .2 7 .2 7 .2 7 .2 7 .2
7 .7 7 .7 - 7 .6 - 7 .7
- 8 .0 8 .0 8 .0 - -
8 .6 8 .6 8 .6 - - -
1 U 3 1 1 .3 1 1 .3 11.1 1 1 .5 1 1 .3
- 1 2 .2 1 2 .1 1 2 .0 5 1 2 .3 1 2 .5
- 1 3 .3 - - - 1 3 .4
drying under high vacuum for 3-4 hours, after which it 
was subsequently transferred into the Evacuable Pellet 
Dies (SPECAC Ltd, K ent, UK) to m ake the KBr disc. 
The resulting K B r disc was analysed using a Fourier trans­
form  IR  (FT IR ) spectrom eter (JASCO M odel F T /IR  660 
Plus series).
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Results and conclusion
Ultraviolet
Figures 3-6 show UV spectra o f algae, grasses, sem i-anthra­
cite and anthracite, representing the UV-visual spectra o f a 
putative interstellar m icrobiota in various stages o f degra­
dation. Figure 7 shows the average absorp tion  spectrum  of 
the whole sequence, a norm alization  being carried out to  give 
an optical depth o f 1.7 a t the peak. W e are particularly  im ­
pressed with the precise correspondence between the 2175 A 
peak in Fig. 7 and the interstellar extinction observations 
(Figs 1 and 2). The full w idth a t ha lf m axim um  (FW H M ) of 
250 A agrees alm ost precisely w ith th a t o f the interstellar 
absorption  feature. Earlier attem pts to  construct an average 
UV spectrum from 115 arom atic biom olecules led to  a syn­
thetic 2175 A band tha t is in general agreem ent with the curve 
in Fig. 7 (W ickram asinghe et al. 1989).
Infrared
M id-IR  spectra for a large num ber o f galactic and extra- 
galactic sources have recently been ob ta ined  using the Spitzer 
Space Telescope (Smith et al. 2007). A typical selection of 
such spectra are shown in Fig. 8.
The detailed spectra are variable from  source to  source, but 
strong recurring peaks occur at the w avelengths listed in 
Table 1. The IR spectra o f the m aterials we studied also show 
peaks at wavelengths in general correspondence with the as­
tronom ical peaks. It has been suggested by m any au thors tha t 
these peaks arise from  PAH structures, bu t objections cited 
initially by Schlemmer et al. (1994) w ould still appear to  be 
largely valid. M oreover the form ation  o f PA H s abiotically 
also poses problem s. O ur labora to ry  spectra exhibited ab ­
sorptions at m ost o f the relevant astronom ical wavelengths as 
is seen in Table 1.
Figure 9 shows the IR  spectrum  o f our sample o f algae, 
which is seen to correspond approxim ately with portions of 
the spectra displayed in Fig. 8. It should be noted, however.
tha t whilst Fig. 7 shows emission spectra arising from 
molecular fragments (detritus o f biom aterial?) under various 
excitation conditions, Fig. 9 shows the absorption spectrum 
of molecules within biological particles crushed and fused 
into K Br disks. Traces of water cannot be ruled out in the 
sample, with a strong 2.9-3 |xm band (not shown in Fig. 9) 
th a t is alm ost certainly attributed to  H 20 ,  whilst the elevated 
complex o f features around 10 [xm is almost certainly assign­
able to polysaccharides.
In conclusion we note that the interstellar absorption 
feature at 2175 A in stellar spectra is plausibly attributed  to 
arom atic molecules within biological cells. The unidentified 
interstellar absorption  bands in the IR  spectra may also have 
an origin in the same biom olecular structures (Hoyle & 
W ickram asinghe 1989).
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Microstructure and elemental composition 
of the  Tagish Lake m eteorite and its 
astrobiological implications
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Abstract: Tagish Lake meteorite, which fell in January 2000 in Canada, has provided a sample of 
pristine cosmic m aterials for laboratory  studies. It is made up of loosely formed aggregates, making it 
one o f the m ost friable carbonaceous chondrites. Its complex structure is composed of plaquettes of 
crystalized m inerals, hexagon-shaped metals, chondrules and granules, all of which are embedded in a 
matrix o f fine grains and fibril-like materials. Those com ponents with sizes larger than 250 nm in 
diam eter are affected to varying degrees by hydrotherm al reactions, whereas the majority of smaller 
bodies (<  350 nm in diameter) appear unscathed despite severe aqueous alterations on the parent body.
A high population o f granules (100-300 nm in diameter) consist o f a wall (20^10 nm in thickness) and a 
larger core: the form er is rich in organic elements, such as carbon, oxygen and sulfur, and the core 
contains N i-Fe-M g rich silicates. The organic m atter has arom atic and aliphatic characteristics, and 
such evidence suggests that the granules may be the carriers o f large organic species with distinct 
astrobiological implications.
R eceived  12 O ctober 2009, accep ted  15 O ctober 2009, f ir s t published online 20 N ovem ber 2009 
K ey words: com ets, m eteorites , origin o f life, panspermia.
Introduction
The Solar System is rich in biogenic elements. A to ta l o f some 
1011 comets contain 1030 g o f m aterial, which is largely com ­
prised o f carbonaceous m aterial (organics) m ineral dust and 
water-ice. In the early history o f  the p lanetary  system, w ater 
in the form of liquid w ould be expected to  persist for millions 
of years within com etarv interiors (Hoyle & W ickram asinghe 
2000: W ickram asinghe et al. 2009). D uring  this time m icro­
bial cells surviving from  earlier episodes o f p lanet-com et 
form ation would be vastly am plified, and  w ould be later 
re-frozen within com etary bodies. Subsequent sublim ation at 
the surface and dynam ical evolution  leads to  bo th  the expul­
sion of viable m icroorganism s near perihelion and  the sedi­
m entation and concentra tion  o f biological structures within 
the com etary regolith.
Because carbonaceous chondrites are thought to  have 
parent bodies th a t are com ets, the existence o f m icrobial 
structures in a fossilized form  w ithin such m eteorites w ould 
not be entirely surprising. A ccording to  the theory  o f p an ­
spermia. E arth  was seeded w ith m icrobial life during the 
epoch o f late heavy bom bardm ent th a t ended 3.8 billion years 
ago. the earliest geochem ical evidence o f life being found at 
precisely this time. H ow ever, an initial injection o f life 3.8 
billion years ago w ould no t have been the end o f the story.
Com ets continue to  interact with E arth  with some 100 tonnes 
o f com et debris being introduced to  E arth  on a daily basis 
even a t the present time. Ongoing injections of com etary 
m atte r would thus be expected to  show evidence o f life.
Organic com pounds as well as putative m icrobial fossils 
discovered in carbonaceous m eteorites bear testim ony to a 
possible connection between terrestrial life and comets. These 
ideas are supported by the results obtained from the isotopic 
analysis o f the M urchison meteorite, showing that the 
organic com pounds do not have a terrestrial origin (M artins 
et al. 2008). Similarly, recent studies by H oover et al. (2009) 
tha t back up a long-standing contention for the presence 
o f m icrobial fossils in the same m eteorite provide further 
evidence in support o f pansperm ia.
The Tagish Lake m eteorite is classified as a type CI2 
carbonaceous chondrite (Zolensky 2002). It has been found in 
o ther studies to  contain organic globules o f sub-microm etre 
to  nanom etric sizes (N akam ura et al. 2002; Hoover et al. 
2003). N anom etric to  sub-m icrom etre sized organic granules 
as well as filaments and  trichomes were interpreted as pu ta­
tive microfossils by H oover et al. (2003). Similar objects was 
first reported in m eteorite extracts from  the 1960s (Claus 
& Nagy 1961) and have since been reported in several other 
carbonaceous chondrites (Garvie & Buseck 2006). Initial 
criticisms th a t all such structures were m odern contam inants
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appears to  have been ruled ou t by the work o f H ans Pflug 
(see Hoyle & W ickram asinghe 1982; W ickram asinghe et al.
2009) and H oover (2009), bu t their biogenic origin still re­
mains controversial.
O ur present w ork exam ines the com plex m icrostructure 
o f the Tagish Lake m eteorite using bo th  transm ission and 
scanning electron m icroscopy. In addition , we set out to  de­
termine the elemental com position o f its contents by X -ray 
nanoprobe analysis. O ur particu lar interest is concerned with 
the structural localization o f carbon, oxygen and  sulfur, 
the im portant elements th a t m ake up the insoluble organic 
species localized w ithin granules in the m eteorite. F u rthe r­
more. we analyse the samples by F ourier T ransform er Infra­
red (FT IR ) spectroscopy to  confirm  the presence o f bulk 
organic com pounds in the m eteorite.
Materials and m ethods
Transmission electron m icroscopy
The Tagish Lake sample (1 x 2  m m 2 fragm ent) was em bedded 
in LR W hite resin (London Resin Co. L td) in a gelatine 
capsule for 24 hours a t 55 C. The resulting polymerized 
resin block was cut into 90-100 nm thick sections on a 
Reichert u ltracut m icrotom e (Reichert-Jung, A ustria) w ith a 
D iatom  diam ond knife. The thin sections were m ounted  on a 
pioloform -coated copper grid and exam ined using a Philips 
EM 208 transm ission electron m icroscope operated  a t 80 kV 
accelerating voltage.
Scanning electron microscopy
The 1 x 2 m m 2 fragm ent was attached onto  a m etal stub with 
double-sided sticky tape, and coated with a thin layer o f gold 
to protect it from beam irradiation . U ltrastruc tu ral exam in­
ation was conducted in a scanning electron m icroscope 
(Philips XL 20 SEM ). operated a t 10 kV accelerating voltage.
X-ray nanoprobe analysis
The ultrathin sections as prepared above were analysed using 
a transm ission electron microscope (Philips CM  10), fitted 
with an X-ray m icroanalysis detector (EM -400 Detecting 
Unit. EDAX. UK). The following operating conditions were 
m aintained constantly th roughou t the analyses: electron 
beam size (20 nm). condenser aperture (30 pm), m agnification 
(3 0 urn) and analysis tim e (200cps). The following com po­
nents o f the Tagish Lake m eteorite were taken for analysis: 
mineral chunks, hexagonal bodies, chondrules. granules and 
the matrix o f the parent body. D uring the analyses, the elec­
tron beam was focused onto  the m aterials o f interest, and a 
total o f 25 similar objects were random ly taken for m easure­
ments. Both qualitative and  quantita tive analyses o f the 
spectra were perform ed using the E D A X  Genesis software 
for thin sections.
F T IR  spectroscopy
The Tagish Lake sam ple (0.15 mg) was ground into very 
fine grains using an agate pestle and mixed thoroughly  with
potassium  bromide (KBr) powder (20 mg). The mixture was 
transferred into a small blending mill (SPECAm ill™ , Kent, 
U K) for further grinding. The sample was subsequently 
transferred into the Evacuable Pellet Dies (SPECAC Ltd., 
Kent, UK) under a pressure of 10 tons to  make a KBr disc. 
The resulting KBr disc was analysed using a F T IR  spectro­
scope (JASCO Model FT/IT  660 Plus series).
Results
Electron microscopy
The Tagish Lake meteorite is made up of loosely formed 
aggregates, making it one of the m ost friable carbonaceous 
chondrites found on Earth. H igh resolution transm ission and 
scanning electron microscopy reveals its complex structure 
(Figs 1-3). The aggregates are composed of plaquettes or 
chunks o f crystallized minerals, hexagonal bodies and chon­
drules o f globular structure with variable sizes, all o f which 
are em bedded in a m atrix of fine granules and fibril-like 
inclusions. Imaging analysis o f 90-100 nm thick sections cut 
from  a 1 x 2 m m 2 fragm ent shows mineral chunks having 
irregular shapes with sizes ranging from  1 to 10 pm (Figs 1(a) 
and  (b)), m any displaying concentric rings (Fig. 1(c)) and 
layers o f crystallized structures (Fig. 1(b)). Chunks of min­
erals are partially em bedded in the m atrix o f the parent body 
(Fig. 1(e)). The hexagonal bodies (0.4-2.0 pm in diameter) 
appear electron black, have no internal structure and are 
clustered in large groups (Figs 1(d) and (f)), often loosely 
attached to the granular m atrix of mineral-rich carbonates. 
M any of these bodies have lost their original hexagonal shape 
to  become alm ost spherical (Figs 2(a) and (c)).
Chondrules with diameters ranging from  3 to 6 pm are 
either clustered in groups (Fig. 3(a)) or individually attached 
to  the m atrix (Figs 3(b) and (c)). However, a large population 
o f them  is covered with granules (100-300 nm in diameter) 
on their surface, m aking it appear rough and irregular 
(Figs 3(a)-(c)). M any similar granules also form  large clumps 
in the chondrule-free zones (arrows in Fig. 3(a)). All of 
these granules show an  internal structure consisting of a rim 
(or wall) with an average thickness of 20^10 nm and a larger 
core (Figs 2(d) and (e)). While num erous granules have a 
high electron-dense core, many others also show a hollow 
in terior with their bodies partially em bedded into the matrix 
(Fig. 3(e)). Lateral diffusion o f the probably volatile minerals 
can be seen in m any large granules (Fig. 2(f)). The m atrix of 
the parent body appears to  be m ade up o f tiny grains with 
sizes ranging from 5 to  100 nm in diam eter and a network 
o f fibril-like m aterials (Fig. 3(f)), into which are embedded 
plaquettes o f minerals, hexagonal bodies o f metal, chondrules 
and  granules o f smaller sizes. Chemical biosignatures found 
in acid-dissolved samples by Pizzarello et al. (2001), and the 
m icrostructure analysis o f Hoover et al. (2003), support the 
speculation that the 5-100nm  grains have a biological origin, 
probably similar to the nanobacteria claimed to be present 
in the M ars m eteorite ALH84001 (M cKay et al. 1996). The 
indication from  our work is that the parent body o f the 
Tagish Lake m eteorite underw ent intense aqueous alterations
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F ig .  1 . S c a n n i n g  e l e c t r o n  m i c r o s c o p y  i m a g e s  o f  T a g i s h  L a k e ,  ( a )  A  f r a g m e n t  o f  T a g i s h  L a k e ,  ( b )  P l a q u e t t e s  o f  c r y s t a l l i z e d  m in e r a l s .
( c )  C h u n k s  o f  m i n e r a l s  s h o w i n g  a  c o n c e n t r i c  a n d  l a y e r e d  s t r u c t u r e ,  ( d )  A  g r o u p  o f  h e x a g o n a l  b o d i e s ,  s o m e  o f  w h i c h  a p p e a r  a l m o s t  
s p h e r i c a l ,  ( e )  P l a q u e t t e s  o f  c r y s t a l l i z e d  m i n e r a l s  p a r t i a l l y  i n t e g r a t e d  i n t o  t h e  m a t r i x ,  ( f )  H i g h  m a g n i f i c a t i o n  o f  h e x a g o n a l  b o d i e s  s h o w i n g  
a  s m o o t h  s u r f a c e ,  s u g g e s t i v e  o f  m e t a l  a l l o y s .
in places consistent with the presence of liquid water at some 
stage o f its history (Figs 3(d) and  (e)).
3.2 X-ray microanalysis
Plaquettes or chunks o f crystallized minerals are mainly 
composed of carbon, oxygen, iron, magnesium and silicon 
(Fig. 4 and Table 1). O ther elements, such as aluminium, 
sulfur, calcium, chrom ium  and nickel, are also detected, but 
their relative weight (0 .2 -1 .6w t% ) is much less significant. 
The hexagonal bodies contain  high concentrations of iron, 
zinc and nickel, but a low am ount o f carbon, manganese, 
sulfur and chrom ium  (Fig. 4 and Table 1). Traces (<  1 w t% )
of magnesium, silicon, phosphorus, calcium and aluminium 
are also detected in these bodies.
Chondrules with a smooth surface are generally rich in 
carbon, oxygen, iron, magnesium and silicon, but signifi­
cantly low in sulfur, nickel, calcium, aluminium, phosphorus, 
manganese and zinc (Fig. 4 and Table 1). The chondrules 
with granules on their surface are comparable to those with 
a sm ooth surface in terms of their chemical composition 
(Fig. 4 and Table 1). These granules have variable sizes 
(100-300 nm), mostly with an electron-dense core, and con­
tain a high level o f carbon, silicon, magnesium, iron, nickel, 
sulfur, phosphorus, manganese and zinc. M any o f them also
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F ig .  2 .  T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  im a g e s  o f  a  T a g i s h  L a k e  f r a g m e n t ,  ( a )  C r o s s - s e c t i o n  o f  a  f r a g m e n t  s h o w i n g  b l a c k  h e x a g o n a l  b o d i e s  
p a r t i a l l y  a t t a c h e d  t o  t h e  g r a n u l a r  m a t r i x  o f  t h e  p a r e n t  b o d y ,  ( b )  P l a q u e t t e s  o f  m i n e r a l s  ( a r r o w s )  e m b e d d e d  in t o  t h e  m a t r i x  o f  t h e  p a r e n t  
b o d y ,  ( c )  A  g r o u p  o f  m e t a l  a l l o y s ,  s o m e  s h o w i n g  t h e i r  h e x a g o n a l  s t r u c t u r e  a n d  m a n y  o t h e r s  b e c o m i n g  a l m o s t  s p h e r i c a l ,  ( d )  A  p a r t i a l  v ie w  
o f  t h e  m a t r i x  o f  t h e  p a r e n t  b o d y  s h o w i n g  g r a n u l e s  o f  v a r i a b l e  s i z e s  a n d  f i b r i l - l i k e  m a t e r i a l s ,  o n t o  w h ic h  p l a q u e t t e s  o f  m i n e r a l s  a r e  a t t a c h e d ; 
t h e  a r r o w s  s h o w  g r a n u l e s  w i t h  a n  e l e c t r o n  d e n s e  c o r e ,  ( e )  P l a q u e t t e s  o f  c r y s t a l l i z e d  m i n e r a l s  p a r t i a l l y  i n t e g r a t e d  i n t o  t h e  a l t e r e d  m a t r i x ;  t h e  
a r r o w s  s h o w  g r a n u l e s  w i t h  a n  e l e c t r o n  d e n s e  c o r e .  (0 D i f f u s i o n  o f  m i n e r a l s  a s  a  r e s u l t  o f  h y d r o t h e r m a l  r e a c t i o n ;  t h e  a r r o w s  s h o w  d i f f u s e d  
m i n e r a l s .
form clusters in the chondrule-free regions, and basically 
have the same chemical composition as those on the chon­
drules (Fig. 4 and Table 1). A large population of these 
granules is also integrated into the m atrix o f the parent body; 
those with a hollow core show a reduced am ount o f silicon,
magnesium, nickel and iron, but are rich in carbon and sulfur 
elements, mostly confined to the wall (Fig. 4 and Table 1). 
The possibility of microfossils cannot be ruled out from our 
work, but further research is needed to resolve this im portant 
issue.
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F ig .  3 .  S c a n n i n g  a n d  t r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  o f  T a g i s h  L a k e  c o m p o n e n t s ,  ( a )  C h o n d r u l e s  c o v e r e d  w i th  g r a n u l e s  ; t h e  a r r o w s  s h o w  
g r a n u l e s  i n  t h e  c h o n d r u l e - f r e e  a r e a ,  ( b )  A  c h o n d r u l e  p a r t i a l l y  e m b e d d e d  i n  t h e  p a r e n t  b o d y ,  ( c )  A  h ig h - m a g n i f i c a t i o n  s c a n n i n g  e l e c t r o n  
m i c r o g r a p h  s h o w i n g  a  c h o n d r u l e  c o v e r e d  w i t h  g r a n u l e s ; t h e  a r r o w  s h o w s  i s o l a t e d  g r a n u l e s ,  ( d )  G r a n u l e s  s h o w i n g  a  w a l l  ( a r r o w s )  a n d  a n  
e l e c t r o n  d e n s e  c o r e ,  ( e )  A  h o l l o w  c h o n d r u l e  p a r t i a l l y  e m b e d d e d  i n  t h e  p a r e n t  b o d y ;  t h e  a r r o w  s h o w s  l e a k a g e  o f  m a t e r i a l s  i n t o  t h e  p a r e n t  
b o d y .  ( 0  T h e  a r r o w  s h o w s  a  g r a n u l e  i n  t h e  p a r e n t  b o d y .
The grains and fibril-like materials that make up the 
matrix of the Tagish Lake meteorite contain high concen­
trations of carbon, oxygen and sulfur. A significant am ount 
o f iron, silicon, magnesium and nickel is also detected 
in the matrix, together with traces of calcium, aluminium, 
manganese, sodium, zinc and chromium (Fig. 4 and Table 1). 
Again our results are generally consistent with the biological
interpretations offered by Hoover et al. (2003) and Hoover 
(2009).
FTIR  spectroscopy
The FTIR  spectrum displays five features centred at 6.1, 6.9, 
9.8 and 11.3 pm (Fig. 5). The 2.9 feature is indicative of 
the presence of water. The 9.8 pm band is characteristic of
K. Rauf et al.
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F ig .  4 .  X - r a y  s p e c t r a  o f  c h e m i c a l  e l e m e n t s  i n  t h e  T a g i s h  L a k e  m e t e o r i t e ,  ( a )  B a c k g r o u n d  o f  f i l m - c o a t e d  c o p p e r  g r i d ,  ( b )  M a t r i x  o f  p a r e n t  
b o d y ,  ( c )  M i n e r a l  c h u n k ,  ( d )  N o n - h o l l o w  g r a n u l e ,  ( e )  H o l l o w  g r a n u l e .  ( 0  C h o n d r u l e .  ( g )  H e x a g o n a l  b o d y .
silicates and shows the highest intensity o f  absorption. The 
less intense peaks a t 6.1 and  11.3 pm  correspond to  the 
arom atic nature o f carbon, whereas tha t a t 6.9 pm is related 
to the aliphatic carbon.
Discussion
The Tagish Lake m eteorite is com posed o f minerals loosely 
intergrown in the granular m atrix o f a carbonaceous parent
Fe20 3 35.3 ± 2 .8  1.0 ±  0.1 4.1 ± 0 .3  l .2 ± 0 .0 6  2.1 ±0 .2  2
NiO 18.4— 1.09 0.1 ±0 .0 4  0 .6 ± 0 .0 4  0.1 ±0 .04  0.1 ±0 .05  0
CuO** 31.1 ± 2 .2  25.1 ±  1.8 29.2 ±  1.6 30.5±2.1 34 .9±2 .2  35
ZnC 5.2 ±  0.42 0.1 ± 0 .0 5  0 .5 ± 0 .0 4  0 .2 ± 0 .0 4  0.0 0
Values ± S D  (standard deviations), which were obtained from nanoprobe analysis o f  randomly selected materials, are : 
measurements. ** CuO represents the copper grid used to mount thin sections o f the Tagish Lake sample.
9.8
0.55 - 2.9
21.6
0.45 -
0.35
6.90.25 h
2.5 5 10 17.57.5 12.5 15 22.520
pm
Fig. 5. FTIR spectrum showing the characteristic bands o f  the aromatic carbon centred at 6.1 and 11.3 pm (Cataldo & 
A peak at 6.9 pm is attributed to the aliphatic carbon (Papoular et al. 1993). The band at 2.9 pm confirms the presence 
(Al-Nlufti 1985).
body. M ost  o f  the hexagona l bodies are  b o u n d  to  each  o ther,  
suggesting th a t  this fo rm a tio n  has  ta k en  place before  the 
bodies were in tegra ted  in to  the m atrix . M a n y  o f  the  h ex a­
gonal bodies w ithin the g roups  have becom e a lm o s t  spherical,  
this evidence indicating th a t  they m ay  have  been subjected  to  
grinding collisions in space. C o n ta in in g  h igh  c o n c e n tra t io n s  
o f  iron, zinc an d  nickel b u t  hav ing  no  d is tingu ishab le  in terna l 
s tructure , these bodies are m o s t  likely to  be m e ta l alloys. 
The occasional detection  in m in u te  q u a n t i ty  o f  c a rb o n ,  m a g ­
nesium. silicon, sulfur, calcium  a n d  a lu m in iu m  is cons is ten t 
w ith biological activity a n d  m icrob ia l rep lica t ion  in an  a q u e ­
ous m ed ium  w ithin the p a re n t  bod y  (W ic k ram as in g h e  et al. 
2009).
C h o n d ru le s  in general a p p e a r  to  have  a sm o o th  surface, 
and  are rich in ca rbona tes ,  iron , silicon a n d  m a g n esiu m , b u t  
also con ta in  smaller a m o u n ts  o f  sulfur, ca lc ium  an d  a lu ­
m inium . This m inera logy  suggests th a t  the  ch o n d ru le s  are  n o t
com prised  o f  the sam e m ateria ls  as tin 
a l th o u g h  b o th  a p p e a r  similar in size. T  
fea tu re  o f  the chondru le s  is the appea: 
o f  g ranu les  on their  surface (Fig. 3). A  
suggested th a t  such granules form  by t 
in ters te llar  gra ins on  larger planetissim 
the  o u te r  reg ions o f  the p ro top lane ta ry  
consider  this unlikely (M cSween 1989). 1 
o f  o rgan ic  in terste llar  grains span a wid« 
metric- to  m icrom etre-sized particles an d  
in the g ranu le  layers found  in Fig. 3. Mai 
are  also fo u n d  in clusters in the chondru  
gesting th a t  the accum ula tion  took  plao  
b o d y  at som e stage.
A lth o u g h  m o s t  granules appea r  intact, 
s truc tu ra l an d  chemical alterations in ac 
fore they reached  Earth . The granules co
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an exterior wall and a core. The apparen t changes in structure 
can be seen on the surface and  the inside o f the granules. A 
cross-section of the affected granules reveals partial degra­
dation of their wall th rough  which m aterials appear to leak 
profusely from the inside into the m atrix, eventually leaving 
the granules with a hollow core. This w ould be consistent 
with the dehydration and freeze-drying o f a biological 
culture. Breakdown o f the wall and subsequent release o f 
minerals are shown in Fig. 2. These structural characteristics 
expressed by the affected granules are associated with the 
m atrix of the parent body, and  confirm  tha t hydrotherm al 
alteration has occurred, resulting in mass fractionation. 
Lateral diffusion of the in terior m aterials th rough  the wall, 
followed by a massive loss o f m aterials, is suggestive o f 
hydrotherm al reactions taking place in the paren t body. The 
transform ation from the non-hollow  to hollow granules gives 
an indication that the core, which is rich in carbonates and  
w ater-bearing minerals, is very susceptible to  hydrotherm al 
conditions. The hydrous m inerals in the m eteorite are similar 
to terrestrial clay, and are believed to be the products o f low- 
tem perature aqueous alterations of pre-existing anhydrous 
minerals in asteroids (Llorca 2004). The hydrated m ineralogy 
of Tagish Lake and its richness in carbonaceous m atter 
are reminiscent o f the expected characteristics o f D -type 
asteroids, which are situated in the outer part o f the K uiper 
Belt (Hiroi et al. 2001; G rady et al. 2002). The Tagish Lake 
m eteorite also shows characteristics strikingly sim ilar to  the 
M ars m eteorite ALH84001 (M cKay et al. 1996).
M ineral chunks, including those with concentric structures, 
are mainly composed o f C-O-Fe-M g-Si elements; their p re­
dom inance in Tagish Lake reflects tha t the chondrite is rich 
in minerals and metals, probably M gS i03. The form ation o f 
concentric rings and layers of crystallized m inerals suggests 
that these materials have been subjected to a cycle o f high 
tem perature and rapid cooling processes. A nother unique 
com position of Tagish Lake is that it contains high concen­
trations of iron-m agnesium rich carbonates, bu t an unusually 
low am ount of high-tem perature nebular elements, such as 
calcium and aluminium, reflecting th a t these elements are 
probably altered to form M g-Fe rich serpentine. These com ­
positional characteristics are also consistent with those o f 
extinct comets including P- and D-type asteroids (Bell et al. 
1989).
The X-ray nanoprobe analysis o f the granules shows 
that they are rich in carbon, silicon, magnesium, iron  and  
sulfur, and that most o f the carbon, oxygen and sulfur is 
concentrated in the wall, indicating the existence in these 
granules o f insoluble m acrom olecular organic m aterial with 
the general formula C 10oH6oN7 0 12S2 (H ayatsu  & A nders 
1981). The presence of organic com pounds in Tagish Lake is 
further confirmed by the results obtained from  the infrared 
spectroscopic analysis. The 6.1. 6.9 and  11.3 pm features 
o f the absorption waveband are all linked to organic,/ 
biological species. Those a t 6.1 and  11.3 pm are characteristic 
o f arom atic carbon (C ataldo & K eheyan 2003), whereas 
tha t at 6.9 pm is linked to  aliphatic character (Papoular 
et al. 1993). These features m atch the emission bands o f
several astronomical objects, in particular the unidentified 
bands and the protoplanetary nebulae spectrum (Hudgins 
& Allamandola 1997; R auf & W ickramasinghe 2009; 
W ickramasinghe et al. 2009).
The present work confirms early observations tha t a high 
proportion of carbon in Tagish Lake derives from organic 
species (Brown et al. 2000) and tha t the organic material 
occurs as sub-micrometre, hollow globules (N akam ura et al. 
2002; N akam ura et al. 2006). As reported by Pizzarello et al. 
(2001) and Busemann et al. (2006), over 99 % of total organic 
carbon makes up the insoluble macromolecular group, and 
only ~  100 parts per million constitutes the soluble com ­
pounds. The unusually low concentration o f soluble organic 
com pounds m ay be attributed to low-temperature chemical 
oxidation as proposed by Cody & Alexander (2005). It is 
generally accepted th a t organic m atter in meteorites is in­
troduced into the asteroid belt from interstellar space through 
radial turbulent mixing in the protoplanetary disk (W ooden 
et al. 2005). However, their assembly into monodisperse 
particles resembling nanobacteria and micrococi invites 
an  alternative interpretation in terms of biological activity 
w ithin aqueous niches o f a parent body.
O ur microscopic and  analytical da ta  reveal that materials 
w ith sizes larger than 350 nm are vulnerable to solar hydro- 
therm al reactions, whereas the majority o f smaller granules 
appear unscathed despite severe aqueous alterations on the 
paren t body (Fig. 2). These granules (< 3 5 0 n m  in diameter) 
are rich in carbon, oxygen and sulfur, the im portant elements 
th a t com pose the m acrom olecular organic material, and such 
evidence suggests tha t these granules may be the carriers 
o f  large organic species. Here, we report the presence of 
structural and chemical imprints in Tagish Lake, which are 
rem iniscent o f the characteristics o f P- and D-type asteroids 
in the outer belt.
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Study of putative microfossils in space dust 
from the  stratosphere
Kani Rauf1, A nthony Hann2, Max Wallis' and Chandra Wickramasinghe3
1C a rd iff C en tre  f o r  A stro b io lo g y , C a rd if f  U n iversity , C a rd if f  C F10 3 D Y , U K  
2S chool o f  B ioscien ces, C a rd if f  U n ivers ity , C a rd if f  C F 10 3 U S , U K  
324 L h vyn yp ia  R o a d , L isvan e , C a rd if f  C F 14 0 S Y  
e -m a il: nc\vick(a g o o g lem a il.co m
Abstract: Interplanetary’ dust particles (IDPs) were recovered from the stratosphere by a cryosampler 
flown below a balloon flying at altitudes o f 20^11 km. The present study uses high-resolution scanning 
electron microscopy (SEM) and ultraviolet-visible (UV-Vis) spectrophotometry to examine fresh 
samples collected at 38-41 km. The SEM observations confirm the presence of 7-32 pm sized clusters of 
coccoidal (0.4—1.3 pm in diam eter) and rod-shaped (0.6-2.5 pm in length) objects as components of the 
IDP complex. M any single globules (1.6-9.0 pm in diameter) are also observed, some of which exhibit a 
rough surface with filamentous features o f variable lengths. The spectrophotometry of the particles in 
aggregate reveals a prom inent peak centred at 216 nm, which is remarkably similar to that of diatoms 
and close to the UV astronom ical feature of 217.5 nm that has been identified as the spectral 
characteristic o f arom atic hydrocarbons. The evidence presented here suggests that the stratospheric 
particles are IDPs comprising an assortm ent o f materials among which are included microfossil-like 
features in variable sizes and forms, such as coccoids, rods and filaments.
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Key words: astrobiology, e lectron  m icroscopy, m icrofossil-like features, stratospheric air particles, ultraviolet-visible 
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Introduction
Tens o f tons o f interplanetary dust particles are believed 
to enter Earth 's atm osphere daily, m ost o f which vaporize 
(Rietmeijer 2004). However, small particles with sizes below 
40 pm remain largely intact and can be recovered from  the 
stratosphere (Brownlee 1985; M aurette  et al. 1991). These 
have become known as in terplanetary dust particles (IDPs) 
and have distinctive com positions (sim ilar to  carbonaceous 
and stony meteorites) and m orphologies. The larger and 
denser particles show signs o f melting and w ould be depleted 
in volatile com ponents.
The theory of com etary pansperm ia proposes th a t grains 
in space consist o f a m ixture o f com plex organics and th a t 
their inclusion in m any hundred billions o f com ets leads to 
the transition from prebiotic m atter into prim itive bacterial 
cells (W ickramasinghe 1974; Hoyle & W ickram asinghe 1976; 
Hoyle & W ickramasinghe 1977; W ickram asinghe et al. 1977). 
It has been suggested tha t pre-existing viable bacterial cells 
derived from interstellar space may have been present in co­
mets in the primitive Solar System. This proposal is based on 
the following evidence: (1) the extinction properties o f inter­
stellar dust match precisely the expected behaviour o f freeze- 
dried bacteria. (Hoyle & W ickram asinghe 1979); (2) the 
infrared (IR) absorption by dust in the 2.9-3.9 pm w aveband
for the galactic centre source GC-IRS7 has a distinctly bac­
terial signature (Hoyle et al. 1982; R auf & Wickramasinghe
2010); and (3) the 217.5 nm (2175 A) ultraviolet (UV) extinc­
tion is better explained by an ensemble o f biological aromatics 
than by spherical graphite grains (Hoyle & W ickramasinghe 
1991; R auf & W ickramasinghe 2010). O ther astronom ical 
evidence, such as the diffuse IR  bands, the complex organic 
com position o f com etary dust and the extended red emission 
in the red rectangle, also serve to corroborate this proposal. 
However, the suggestion that the universe is replete with 
cosmic life is slow to gain wide acceptance.
In the early years o f the space age, attem pts were made 
to probe the upper atm osphere for the presence of micro­
organism s. The N ational Aeronautics and Space Adminis­
tration  (NA SA)-supported balloon program  (Bruch 1967) 
and Soviet rocket experiments (Lysenko 1979) made attem pts 
to show direct evidence for the presence of extraterrestrial 
m icroorganism s in the upper atmosphere, but the results 
were judged to be inconclusive due to the primitive nature 
o f the sterilization procedures. In recent years, improved 
m ethodologies have been developed for the identification of 
m icroorganism s and stringent protocols applied to almost 
eliminate contam ination from sampling and laboratory pro­
cesses (Smibert & Kreig 1994; Lopez-Amoros et al. 1995; 
Lai et al. 1996; N arlikar et al. 1998).
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Claims to  find viable m icroorganism s in the upper s tra to ­
sphere have m et with m uch scepticism. A com m on criticism 
concerns terrestrial con tam ination  from  sam ple handling and  
laboratory  processes. In recognition o f this criticism, strin ­
gent procedures have been used in the present investigation to 
prevent possible contam ination during sam ple preparation . 
Experience a t C ardiff w ith scanning electron m icroscopy 
(SEM ) gives us high confidence in distinguishing contam inant 
particles from  IDP-like cluster particles, while elem ental 
com position identified via the energy dispersive spectroscopy 
(ED A X ) facility adds confirm ation (M iyake 2009). The cur­
rent investigation uses high-resolution environm ental SEM  
and  ultraviolet-visible (UV-Vis) spectrophotom etry  to  exam ­
ine in detail som e m icrodust samples collected at 38-41 km 
altitude.
M aterials and m ethods
Collection o f  stratospheric air samples
The stratospheric air samples were collected at altitudes 
between 30 and  41 km using a cryosam pler a ttached  to  a 
balloon according to  the procedure as described in detail by 
N arlikar et al. (2003). The cryosam pler was m ade o f stainless 
steel and fitted with 16 probes. The whole assembly was 
electron-beam  welded and electron plated. The cryosam pler 
in pre-testing was found to  be capable o f w ithstanding 
tem peratures between —246 C and 140 C. Before use. the 
in terior com ponents (probes and  m anifolds) were cleaned 
with acetone and  thoroughly washed in de-m ineralized water, 
steam  baked an d  heated with an  IR  lam p to 140 C. D uring 
the balloon ascent, the probe inlet was closed via a metallic 
valve. The inlet was opened and closed via radio  signal from  
ground. The air samples were passed th rough  cellulose 
acetate filters (0.2 and 0.45 pm pore sizes) as described by 
H arris et al. (2001). D ue to  the lim ited availability o f samples, 
the present study exam ined only the 0.45 pm pore m em ­
branes.
UV- Vis spectrophotometry
The filter containing stratospheric particles was placed in 
a glass vial containing de-mineralized water. The particles 
were removed by sonication for 15 min and centrifuged at 
14 000 rpm  for 30 min. The resulting pellet was resuspended 
in cyclohexane (1 ml) for 30 min, and the m ixture centrifuged 
a t 14000 rpm  for 10 min. The clear supernatant was trans­
ferred to  the UV-Vis spectrophotom eter (JASCO V-570 UV/ 
V IS /N IR  spectrophotom eter) for analysis.
Scanning electron microscopy
M illipore filters (0.45 pm pore size) carrying the samples were 
cut into pieces (1 2 m m x  12 mm) with a sharp razor blade, 
attached  with sticky carbon tape onto m etal stubs and gold 
coated. This sample preparation was conducted in a clean 
double-filtered air cham ber. The samples were examined 
using a high-resolution environm ental scanning electron 
m icroscope (Philips XL 30-ESEM) operated at 25-30 kV. 
F ilter m em branes containing no stratospheric samples were 
used as controls, being m ounted and  examined by SEM in 
exactly the same way.
Results
U V-V is spectroscopy o f  stratospheric air samples
The UV-Vis spectrophotom etric analysis of cyclohexane- 
dissolved samples produced a prom inent peak centred at 
216 nm, close to  the 217.5 nm UV astronom ical feature 
(Fig. 1).
Scanning electron microscopy o f  stratospheric air samples
SEM  of the m em brane revealed num erous IDPs comprising 
clusters o f subm icron grains. These IDPs are sized between 
7 and 32 pm across (Figs 2 and 3) and comprise coccoidal 
grains with some em bedded rod or tubular objects (Fig. 2(a)). 
The sizes o f the coccoids are between 0.4 and 1.3 pm in 
diam eter, whereas the rods vary from  0.6 to  2.5 pm in length
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g r a n u l e s  ( 4 0 - 3 0 0  n m )  a n d  f i l a m e n t o u s  f e a t u r e s  o f  v a r i a b l e  t h i c k n e s s  ( 9 0 - 5 0 0  n m )  a s  s h o w n  b y  l o n g  b l a c k  a r r o w s ,  ( f )  A  7 .0  p m  g lo b u l e  w i t h  
a  r o u g h  s u r f a c e  s t r u c t u r e  c o v e r e d  w i t h  t i n y  g r a n u l e s  a n d  r o d - s h a p e d  f e a t u r e s .  T h e  d e t a c h e d  f i l a m e n t s  m a y  b e  c o n t a m i n a n t s  ( e ) ,  b u t  n o t  t h e  
e m b e d d e d  r o d s .
(Fig. 2(a)). M any globules with sizes ranging from  1.6 to  9 pm (40-300 nm in diameter) (Fig. 2(f)) and filamentous features
can also be observed in places (Figs 2(f), 3(a), (d), (e) and (f)), (Fig. 3(f)). N one of the above features were found on the filter
some o f which show a surface covered with small granules membranes used as controls.
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( c )  A  p a r t i a l l y  b r o k e n  9  p m  g l o b u l e  s h o w i n g  i t s  i n t e r n a l  s t r u c t u r e ,  ( d )  A  3  p m  g l o b u l e  s h o w i n g  i t s  c o c c o i d a l  s h a p e  a n d  r o u g h  s u r f a c e  
s t r u c t u r e ;  e x t r a c e l l u l a r  m a t e r i a l s  c a n  b e  s e e n  a t t a c h e d  t o  t h e  g l o b u l e  a s  s h o w n  b y  w h i t e  a r r o w s ,  ( e )  A  9  p m  s iz e d  g l o b u l e  s h o w i n g  e x t r a  
c e l l u l a r  f i l a m e n t s  ( a r r o w s ) ,  ( f )  A  11 p m  s i z e d  g l o b u l e  s h o w i n g  i t s  r o u g h  s u r f a c e  c o v e r e d  w i t h  f i l a m e n t o u s  o b j e c t s  o f  v a r i a b l e  l e n g t h s  
( a s  s h o w n  b y  a r r o w s ) .
Discussion
M any particles of interplanetary origin were successfully 
collected on airborne plates coated with oil, flown at altitudes 
o f 18-20 km (Hudson et al. 1981; M cKeegan et al. 1985) 
and a t higher altitudes in the stratosphere (M essenger 2000). 
These particles are largely fragments o f comets and asteroids, 
but some com ponents have been recently identified as pre­
dating the Solar System (‘pre-solar grains’).
The present study using UV-Vis spectrophotom etry shows 
the spectrum of the stratospheric samples containing only a 
single prom inent peak centred at 216 nm, which is close to 
the 217.5 nm astronom ical UV feature (Fig. 1). This astro­
nomical UV feature was first observed in the spectrum of 
interstellar dust by Stecher (1965). According to Hoyle & 
W ickramasinghe (1962, 1969) and Stecher & Donn (1965), 
the 217.5 nm extinction bum p is attributable to small spheres 
o f graphite. However, Hoyle & W ickramasinghe (1977)
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later proposed the alternative m olecular explanation o f the
217.5 nm abso rp tion ; they argued th a t the requirem ent of 
graphite, which has a p lan ar lattice structure to  be in the 
form o f small spheres in in terstellar m edium  (ISM ), appears 
scarcely relevant, and instead suggested the involvement of 
arom atic organic molecules. The feature has since been found 
along every galactic line o f sight (Bradley et al. 1992; D raine 
& M alhotra 1993; M ath is 1993; S andford  1996; Bradley 
et al. 1999). M any astronom ers a ttribu te  this feature to  very 
small grains o f carbon, possibly o f arom atic  an d /o r im pure 
graphite (Draine & M alh o tra  1993; M ath is 1993; Sandford 
1996). The carrier o f the feature was proposed to  be chon- 
dritic porous ID Ps (C P-ID Ps). since they have high carbon 
content (Thom as et al. 1993) and  con tain  inorganic carbon, 
including hydrogenated aliphatic and  arom atic  com pounds 
(Clemett et al. 1993: F lynn et al. 1999; Brownlee et al. 2000).
Several laboratory  m odels p roposed  for the carrier o f  the
217.5 nm feature are dehydrogenated  and  hydrogenated 
am orphous carbons, coals and  polycyclic arom atic  hyd ro ­
carbons (PAHs). However, none o f  these single com pounds is 
generally accepted as the perfect m odel (Li & G reenberg
2003). It has been argued th a t the huge varia tion  (± 1 2 % )  
w ith line o f sight in the w idth and  extinction bands is indica­
tive of a large chemical dispersion in the G alaxy  (F itzpatick  & 
M assa 2007). It has been suggested th a t the interstellar grain 
population  also includes a substantia l am oun t o f  ultra-sm all 
grains with PAH com position (M u th u m ariap p an  et al. 2008). 
Since PAH s have strong absorp tions in the wide region 
(2000-2500 nm). the expected carrier o f  the 217.5 nm  feature 
could be a m ixture of PA H s. and  the observed varia tion  in the 
w idth o f the feature m ay be a ttr ib u ted  to  differences in the 
PAH m ixture (M uthum ariappan  et al. 2008). These obser­
vations seem to imply th a t in addition  to  the 217.5 nm  ex­
tinction carrier, other dust com ponents also exist in the ISM . 
including a population o f am orphous silicate dust, arom atic 
hydrocarbons. PAH molecules and aliphatic hydrocarbons. 
A ttem pts to construct an average UV spectrum  from  115 
arom atic biomolecules also led to  a synthetic 217.5 nm band  
(W ickram asinghe et al. 1989). C hen et al. (2008) have re­
ported that buckyonions exhibit a peak close to  the 217.5 nm 
extinction feature, but a m ixture o f silicate-graphite-PA H - 
buckyonions produces a feature th a t shows an  alm ost perfect 
fit with the interstellar bum p centred at 217.5 nm. Recently. 
R auf & W ickram asinghe (2010) have dem onstrated  tha t 
an ensemble of bio-degraded m aterials produced  a feature 
centred precisely at 217.5 nm. Based on the early obser­
vations as m entioned above, the feature (216 nm) o f the 
stratospheric air particles centred near 217.5 nm is likely to  be 
organic in nature and in terp lanetary  in origin.
The present study using a h igh-resolution environm ental 
scanning electron m icroscope reveals the presence o f 7-32 pm 
sized clusters o f ovoids (0.4—1.3 pm in d iam eter) interm ixed 
with elongated features (0.6-2.5 pm in length) (Fig. 2(a)). 
O ther m aterials tha t were also found include globules 
(1 .6-9 pm in diam eter), some o f which appear to  have a 
granular surface structure (Figs 2(d) and  (f)). Some o f these 
globules display structural characteristics o f bacteria, such as
coccoids showing an apparent cell division with extracellular 
materials (Fig. 3(d)) and flagella (Fig. 3(e)). The ovoid fea­
tures as shown in Fig. 2(a) appear similar in size and shape to 
nanobacteria found in travertine and limestone (Folk 1993) 
and in Pleistocene ground water (M cBride et al. 1994). The 
above features may possibly be regarded as products o f ter­
restrial contam ination from sample handling and laboratory 
processing. However, none of these were observed on the 
m em branes used as controls, thus suggesting an endogenous 
origin. The discovery of macrosized clusters o f coccoids by 
the present study confirms the observations m ade by H arris 
et al. (2001) and W ainwright et al. (2003, 2004a). F urther­
more, the long filamentous features as shown in Figs 2(e) and 
3(e) appear similar in structural characteristics to  microfossils 
tha t have been found embedded in some carbonaceous 
meteorites, such as Orgueil and M urchison (Hoover 2009). 
M iyake (2009) and M iyake et al. (2009) ascribed these clus­
ters to  aggregates of IDPs rich in carbon and found that 
the rods are siliceous, suggesting that they are fragments of 
diatom s. B oth diatom s and bacteria display an  absorbance 
feature near 220 nm  (2200 A), similar to  the observed UV 
spectral properties o f interstellar grains, thus supporting the 
concept o f a cosmic microbiological system in which these 
m icroorganism s m ight exist on comets (Hoover et al. 1999).
A lthough the present data obtained from  the m orphologi­
cal and U V spectral analyses o f stratospheric particles suggest 
tha t m aterials o f biological origin are likely to  be present in 
the samples, it m ay be argued that not all o f the observed 
particles are o f the same nature. The ovoid and elongated 
features could be the products o f partial dissolution of the 
carbonate which is abundant in CP-ID Ps, and  have been 
reported to  be similar to  bacterially induced carbonate pre­
cipitation (Buczynsik & Chefetz 1991; M cK ay et al. 1996). A 
study m ade by W ainw right et al. (2004a) using secondary 
ion mass spectrom etry (SIMS) has dem onstrated that several 
clusters o f bacteria-like particles found in the same strato ­
spheric air samples are not biological, and thus pointed out 
that the SEM -based observation in itself cannot be used as 
evidence for the presence o f bacteria in the stratosphere.
The early claim (Imshenetsky et al. 1978) to  have detected 
and isolated a wide range of com m on bacteria and fungi via 
rocket probes to heights o f 48-77 km is beset with contam i­
nation  objections. The recent studies using cryosamplers 
attached to  balloons flying at altitudes o f 2CU41 km have 
largely overcome th a t problem  (Harris et al. 2001; N arlikar 
et al. 2003; W ainw right et al. 2004b). The microorganisms 
recovered from  the stratosphere include bacteria-like par­
ticles (H arris et al. 2001; N arlikar et al. 2003; W ainwright 
et al. 2004b), two bacteria (B . simplex and S. pasteuri) and 
one fungus (Engyodontium album) (W ainwright et al. 2003), 
P. Stutzeri (N arlikar et al. 2003) and species o f Penicillium 
and two bacteria (B . luciferensis and B. sphaericus (Griffin
2004). While m ost microorganisms appear unlikely to survive 
under harsh  stratospheric conditions with low tem perature 
and strong UV radiation , some m icroorganism s utilize pro­
tective strategies, such as clumping, form ing thick cell walls, 
carbonizing outer layers and em bedding in carbonaceous
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dust (N arlikar et al. 2003; W ainw right et al. 2006). F urther­
more, m icroorganism s can survive quite extreme conditions 
of tem perature, pressure and  even radiation (Hoyle & 
W ickramasinghe 2000). Seeker et al. (1994) have shown tha t a 
carbonaceous coating o f a few m icrons thickness of bacterial 
cells provides a protective shield against radiation. M icro­
organisms. such as spore-form ing Bacilli (B . S im plex , Sarcina 
lutea) (Whisler 1940) and clum p-form ing bacteria (B . Subtilis 
and Staphylococcus aureus) (H orneck 1998; D arling 2001). 
are relatively resistant to  radiation. The pigm ented microbes 
in the mesosphere discovered by Im shenetsky (1946) led him 
to propose that UV resistance is given by protective pigments 
(melanins and carotinoids) and suggests natural selection for 
these pigments.
Terrestrial dust particles are generally confined to  the 
troposphere below 12-17 km. because the stratosphere lacks 
large-scale turbulence, being highly stratified. However, 
lofting mechanisms may exist (W ainwright et al. 2006) e.g. 
blue lightening strikes (Pasko et al. 2002) and  gravito- 
photophoresis (Rohatschek 1996). The powerful volcanic 
eruption of M t P inatubo in the Philippines o f 15 June. 1991 
was reported to eject m aterials up to 32 km (G ran t et al. 
1994). Imshenetsky et al. (1978) claimed tha t m icroorganism s 
were registered in a great num ber in the m esosphere during 
dust storms as com pared to  the absence o f strong winds, 
but this is consistent with contam inants collected in flight 
through the troposphere. Term inal speeds for settling through 
the atm osphere are higher for larger sizes (and m ean density). 
M oreover, lofting mechanisms are likely to  discrim inate in 
favour of smaller sizes, yet our recovered IDP-like particles 
show no statistical weighting to  pm sizes. The ^ 1 0  pm clus­
ters we found, with relatively few smaller than  this, imply 
there is no stochastic mechanism kicking a spectrum  o f sizes 
upwards.
The absence of a plausible explanation for lofting our 
7-32 pm clusters through the stratosphere to 40 km altitude 
adds weight to our identifying these materials as IDPs, and 
particularly carbonaceous IDPs (M iyake 2009). A lthough the 
detection in the samples of microfossil-like materials, such as 
coccoids. rods and filaments, suggests a biological origin, and 
the UV spectral data is consistent with this biological identi­
fication. more substantive evidence is needed to confirm  this 
identification.
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Abstract: Particles in the Carancas meteorite were examined by electron microscopy (transmission 
electron microscopy/scanning electron microscopy), energy dispersive analysis of X-rays (EDAX) 
and Fourier Transform Infrared spectroscopy. Scanning electron microscopical observations reveal 
that the particles of variable sizes have a stony appearance. Many of these particles show fractures 
in places, thus confirming an ealier observation that the meteorite was subjected to a high-velocity 
impact. The outer rim of many aggregates displays a m ud crack-like texture. At high magifications, this 
texture shows ovoid and elongated features, which appear similar to microfossils found in other 
meteorites.
As revealed by both scanning and transm ission electron microscopy, some particles show three 
clearly marked zones, distinguishable by their differences in electron density and texture: a light zone, 
a dark zone and an intermediate zone. The EDAX analysis of these particles shows that the light 
zone is composed of silicates rich in Fe, Ni and S (the elements of troilite and pentlandite).
The dark zone contains high concentrations of Mg and Si (the m ajor elements of high-temperature 
minerals, such as forsterite, Mg2S i0 4 and enstatite, M gS i03) intermixed with carbonates and traces 
of Al. Ca and Na. The intermediate zone also contains high-temperature minerals and Fe-Ni rich 
silicates.
The Carancas meteorite produces an infrared waveband showing prominent features of some 
carbonate species, amorphous and crystalline silicates, and olivine groups. Hydrated silicates 
and hydroxyl groups are less abundant, as shown by the presence of small humps between
2.5 and 8.0 pm.
The abundance of high-temperature minerals and iron-rich metal confirms an earlier observation 
that the meteorite is an ordinary H4/5 chondrite. Some particles in the Carancas meteorite are found 
to have structural and chemical characteristics similar to those o f the 81 P/Wild 2 comet.
R eceived 10 August 2010, accepted 7 O ctober 2010
Key words: 8 1 P/Wild 2 com et, Carancas m eteorite, energy dispersive analysis o f X-rays, Fourier Transform Infrared 
spectroscopy, H4/5 chondrite, scanning electron m icroscopy, transmission electron microscopy.
Introduction
The Carancas meteorite fell on 15 September 2007 approxi­
mately 10 km south of Desanguadoro, near Lake Titicaca. 
Peru. The impact excavated a crater having an overall d ia­
meter o f 13.5 m. a 7.5 m central hole. 1 m high ejecta rim  and 
a shallow (0.6 m deep) groundwater pond (del P rado et al. 
2008). The estimated timing of the fall was recorded a t ap ­
proximately 11:45 AM (local time) (16:45 UT) (M acedo & 
M achare 2007). but later claimed to be 11:40 AM  (16:40:14.1 
UT) (Tancredi et al. 2009). The m eteorite was thought to 
travel from east to west, and the angle at which the m eteorite 
entered the atmosphere was estimated to  be between 45 and 
60 degrees from the horizontal (Tancredi et al. 2009). 
According to the initial report (M acedo & M achare 2007), 
the locals claimed that a luminous object was seen abou t 1 km
from  the E arth ’s surface before a strong explosion lasting 15 
m inutes was heard. The fireball consisted of a head with 
strong bright light and a white smoky tail. The locals also 
reported that immediately after the explosion, a massive 
cloud of dust was seen followed by a ‘sulphurous’ smell from 
the site and groundw ater evaporation. Neither explosion nor 
‘rained dow n ' debris was reported to take place in the sky, 
suggesting that the m eteorite remained intact on entering the 
atm osphere. According to the media reports, many local 
witnesses became ill and several o f them had to be hospita­
lized after they came into contact with the glowing rocks 
(Tancredi et al. 2009). The symptoms of the illness have been 
reported to include headache, dermal injuries, dizziness, 
nausea and vomiting. Arsenic vapour from the contaminated 
w ater in the crater was thought to be responsible for the 
outbreak o f the sickness.
K. Rauf et al.
F ig .  1 . S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  o f  t h e  C a r a n c a s  m e t e o r i t e ,  ( a )  C a r a n c a s  p a r t i c l e s ,  ( b )  A  g e n e r a l  v i e w  o f  t h e  c e n t r a l  r e g i o n  o f  t h e  
p a r t i c l e  s h o w i n g  m i n e r a l s  in  v a r i o u s  f o r m s  a n d  s i z e s ,  ( c )  A  p a r t i a l  v i e w  o f  t h e  p e r i p h e r a l  r e g i o n  o f  t h e  p a r t i c l e  s h o w i n g  a  m u d  c r a c k - l i k e  
t e x t u r e ;  s t r e a k s  o f  f u s i o n  c r u s t s  o n  t h e  s u r f a c e  ( a r r o w  h e a d ) ;  t h e  i n s e t  ( C l )  s h o w s  a n  e n l a r g e d  p i c t u r e  o f  t h e  m u d  c r a c k - l i k e  s t r u c t u r e .
( d )  A p a r t i c l e  s h o w i n g  t h r e e  c l e a r l y  d e l i n e a t e d  r e g i o n s :  a  l i g h t  z o n e  ( Z l )  s h o w s  a  l a y e r e d  s t r u c t u r e ;  a  d a r k e r  z o n e  ( Z 2 )  a t  t h e  c e n t r e  d i s p l a y s  
a  p r o n o u n c e d  r a d i a t i n g  t e x t u r e ;  a n  i n t e r m e d i a t e  z o n e  ( Z 3 )  i s  d i s t i n g u i s h a b l e  b y  i t s  s m o o t h  s u r f a c e  s t r u c t u r e  w h e r e  c r a c k s  c a n  b e  s e e n  a s  
s h o w n  b y  t h e  a r r o w s .
The mineralogical analysis o f the fragm ents indicate tha t 
the m eteorite is a chondrite com posed o f  fine-grained m at­
erials with light grey coloration, rich in iron  particles, 
pyroxene, olivine and kam acite (M acedo & M achare 2007; 
Tancredi et al. 2009). O ther minerals, such as forsterite, en- 
statite and troilite, have also been detected in the fragm ents 
(del Prado et al. 2008). The C arancas m eteorite has been 
proposed to be an ordinary H4/5 chondrite (del P rado et al. 
2008; Tancredi et al. 2008, 2009). The m eteorite was found to 
survive the atmosphere entry w ithout m ajor fragm entation 
(Le Pichon et al. 2008). The trajectory o f its fall has recently 
been reviewed by Tancredi et al. (2009); they have suggested 
that the crater was formed as a result o f a hypervelocity im­
pact. Earlier reports have presented several transm itted  light 
optical images of the fragm ents (M acedo & M achare 2007;
H arris et al. 2008; Tancredi et al. 2009). However, so far there 
has been little inform ation on the microstructural character­
istics and elemental composition o f the particles that formed 
the C arancas fragments.
Materials and m ethods
Collection and preparation o f  Carancas samples fo r  analysis 
The samples were donated by Dr. Barry E. DiGregorio to Prof. 
W ickramasinghe a t the Cardiff Centre for Astrobiology. 
They were collected from the surrounding creater soil and 
transferred into sterile bags, which were then immediately 
sealed before being transported to U K  laboratories for 
analysis. H andling and subsequent processing of the samples 
were conducted in a double air-filtered chamber. The Carancas
Microstructural investigation of the Carancas m eteor ite
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F ig .  2 .  S E M  m i c r o g r a p h s  o f  t h e  C a r a n c a s  p a r t i c l e s ,  ( a )  A  h i g h - m a g n i f i c a t i o n  e l e c t r o n  m i c r o g r a p h  o f  t h e  p e r i p h e r a l  r e g i o n  o f  a  p a r t i c l e :  
o v o i d  a n d  e l o n g a t e d  f e a t u r e s  a r e  a p p a r e n t ,  ( b )  A n  e l e c t r o n  m i c r o g r a p h  o f  t h e  s a m e  r e g i o n  a s  ( a ) ;  t h e  i n s e t  ( B l )  i l l u s t r a t e s  t h e  c l o s e - u p  o f  
m i c r o f o s s i l - l i k e  f e a t u r e s ,  ( c )  A n  e l e c t r o n  m i c r o g r a p h  o f  t h e  l a y e r e d  t e x t u r e  s h o w i n g  c r a c k s  ( b l a c k  a r r o w s )  a n d  c a v i t i e s  ( w h i t e  a r r o w s ) .
( d )  A n  e l e c t r o n  m i c r o g r a p h  o f  t h e  c e n t r a l  r e g i o n  o f  a  p a r t i c l e  s h o w i n g  f r a c t u r e s  ( a r r o w s )  a n d  n u m e r o u s  c a v i t i e s .
fragm ent was cut open using a sterile scalpel and its peri­
pheral layer carefully removed with sterile pointed forceps. 
The remaining part o f the sample was taken for analyses.
Scanning electron microscopy
The Carancas samples were mounted onto a metal stub using 
a piece of carbon double-sided sticky tape, and coated with 
gold in an Emscope sputter coater. The samples were ex­
am ined using a Philips scanning electron microscope (SEM ) 
XL 20 operated at 20 kV accelerating voltage.
Transmission electron microscopy
Particles taken from the internal part o f the C arancas frag­
m ent were embedded in LR  White resin (London Resin Co. 
Ltd, UK) at 55 °C for 48 hours, and the resulting polymerized 
resin blocks were cut into thin sections (100 nm thick) using a
diam ond knife on a Reichert E ultracut microtome (Reichert- 
Jung, Austria). The thin sections were collected on pioloform- 
coated copper grids and examined using a Philips EM 208.
Energy dispersive analysis o f  X-rays analysis 
A  Philips CM  12 transmission electron microscope (TEM), 
fitted with an energy dispersive analysis o f X-rays (EDAX) 
system (EM-400 Detecting Unit, EDAX, UK), was used to 
analyse the thin sections. The following operating conditions 
were m aintained constantly throughout the analyses: electron 
beam size (20 nm), condenser aperture (30 pm), magnification 
(13 000 x )  and analysis live time (200 cps). During the 
analyses, the electron beam was focused onto the regions of 
interest, and a to tal o f 25 similar measurements were ran­
domly taken for each region. Both qualitative and quanti­
tative analyses were performed using a ‘G enesis’ software.
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F ig .  3 .  A  t r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h  o f  p a r t i c l e s  i n  t h e  w e l l - e m b e d d e d  r e s i n  s e c t i o n .  T h r e e  l a r g e  p a r t i c l e s  a p p e a r  t o  h a v e  a  
s i m i l a r  s t r u c t u r e .  E a c h  p a r t i c l e  s h o w s  t h r e e  c l e a r l y  d e f i n e d  z o n e s :  a  l i g h t  z o n e  ( Z l )  ( d a r k  a r r o w s ) ,  a  d a r k e r  z o n e  ( Z 2 )  ( w h i t e  a r r o w s )  
a n d  a n  i n t e r m e d i a t e  z o n e  ( Z 3 ) .
Fourier Transform Infrared spectroscopy 
The samples (0.15 mg) were prepared in KBr pow der (20 mg). 
The mixture was transferred in to  a small blending mill 
(SPECAC mill™) for grinding, and  in to  the Evacuable Pellet 
Dies (SPECAC Ltd) under a pressure o f  10 tons c m - 2 to 
make a KBr disc. The KBr em bedded sample was analysed 
using a Fourier T ransform  Infrared  (FT IR ) spectrom eter 
(JASCO M odel FT/IR-660 Plus series).
Results
Scanning electron microscopy
The Carancas particles are m ostly m inerals having variable 
sizes and shapes (Figs 1(a) and (b)). The m ost com mon fea­
tures include conchoidal, cuboidal and irregularly shaped
Table 1. Relative concentrations (w t% ) o f  major elements 
that make up the three regions o f  the particle
E l e m e n t Z l Z 2 Z 3
C O 3 8 .4  +  2 .1 3 7 .8  +  2 .8 3 6 .3  +  3 .2
N a 20 0 .0 1 .2  +  0 .0 5 0 .0
M g O 2 . 1 + 0 . 0 8 1 2 . 2 + 0 . 6 1 0 .8  +  0 .9
a i 2o , 0 . 1 + 0 . 0 5 0 .9  +  0 .0 8 0 .0
S i 0 2 1 .8  +  0 .1 5 1 9 .8  +  0 .9 1 3 .8  +  1 .2
so3 9 .0  ± 0 . 9 1 .7  +  0 .1 2 6 .2  +  0 .2
C a O 0 .0 0 .5  +  0 .0 3 0 .0
F e 20 3 3 5 .2  +  3 .8 2 5 . 9 + 2 . 3 2 2 . 9 + 2 . 5
N i O 1 3 . 4 + 1 . 6 8 0 .0 1 0 . 0 + 1 . 4
V a lu e s  ±  s t a n d a r d  d e v i a t i o n s  ( S D s )  r e p r e s e n t  t h e  a v e r a g e  o f  2 5  m e a ­
s u r e m e n t s .  T h e  d a t a  a r e  c o m p u t e d  b y  t h e  ‘ G e n e s i s ’ t h i n  s e c t i o n  s o f t ­
w a r e ,  w h i c h  c a l c u l a t e s  t h e  w e ig h t  p e r c e n t a g e s  o f  t h e  e l e m e n t s  b a s e d  o n  
t h e  k n o w n  c o n c e n t r a t i o n s  o f  t h e  s t a n d a r d  s a m p l e s .
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F i g .  4 .  X - r a y  s p e c t r a  o b t a i n e d  f r o m  t h e  a n a l y s e s  o f  a  t h i n  s e c t i o n ,  ( a )  T h e  X - r a y  i n t e n s i t y  o f  t h e  e l e m e n t s  d e t e c t e d  i s  v a r i a b l e  
d e p e n d i n g  o n  t h e  z o n e s .  C a r b o n ,  i r o n ,  s u l p h u r  a n d  m a g n e s i u m  a r e  d e t e c t e d  i n  Z l ,  Z 2  a n d  Z 3 .  N i c k e l  i s  f o u n d  o n l y  i n  Z l  a n d  Z 3 .
T h e  p r e s e n c e  o f  s o d i u m  a n d  c a l c i u m  i s  c o n f i n e d  t o  Z 2 .  T h e  c o p p e r  p e a k  r e p r e s e n t s  t h e  e l e m e n t  f r o m  t h e  c o p p e r  g r i d  u s e d  f o r  
m o u n t i n g  t h i n  s e c t i o n s ,  ( b )  A  b a c k g r o u n d  a r e a  i n  t h e  s a m e  s e c t i o n  c o n t a i n i n g  n o  s a m p l e .  T h e  X - r a y  i n t e n s i t y  o f  c a r b o n  a n d  c h l o r i n e  
is  n e g l i g i b l e .
bodies (Fig. 1(b)). The surface o f some individual particles A large num ber o f particles have crusts on their surface
displays a m ud crack-like texture. A t high magnifications, (Fig. 1(c)), whereas m any others show fractures (Fig. 2(d))
this texture contains ovoid and  rod-shaped objects, which are and cavities (Figs 2(c) and (d)). Some particles exhibit three
similar to  microfossils o f  terrestrial origin (Figs 2(a) and (b)). zones, distinguishable by their differences in both electron
K. Rauf e t al.
11.3
0.65 -
20.0 24.4
0.55 18.4
11.9
0.45 - 16.8
15.6
0.35
13.7
025
2.5 5 7.5 10 12.5 17.5 22.5
pm
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opacity and texture: a light zone show ing a layered or sheet­
like structure, a darker zone at the centre displaying a 
pronounced radiating pattern  and an  in term ediate  zone with 
a sm ooth texture (Fig. 1(d)).
Transmission electron microscopy
M ost o f the sections cut from  the resin-em bedded particles 
were brittle and damaged by the electron beam  bom barde- 
ment. The ultrastructual observations o f these sections reveal 
the presence o f numerous holes, indicating th a t the samples 
were poorly embedded. As shown in Fig. 3. som e well- 
em bedded particles show three zones, distinguishable by their 
differences in electron density and s tructu ra l characteristics:
(i) a light zone displays a layered or th in  sheet-like structu re ;
(ii) a darker region shows aligned 'c h a tte r  p its ';  and  (iii) an 
in term ediate zone has a surface structure th a t appears to  be 
ra ther sm ooth.
X -R a y nanoprobe analysis
The results obtained from the X -ray n anop robe  analysis 
o f the thin sections show tha t the resin-em bedded particles 
are com posed of three different regions, d istinguishable by 
the differences not only in structural characteristics but 
also in chemical composition (Table 1). F o r convenience, they 
are labelled in the present study as Z l ,  Z2 and Z3. D uring 
the analyses, attem pts were also m ade to  determ ine w hether 
arsenic element (As) was present in the sample. As Fig. 4 
shows, the spectra do not reveal the presence o f  the charac­
teristic X-ray emission peak o f arsenic (As) elem ent, which 
should normally be located at 10.5 KeV energy. The chem ical 
com position of Z l is similar to  th a t o f Z3, but the form er 
contains less magnesium and  silicon than  the latter. The 
am ounts o f m ajor elements in Z l.  such as sulphur, iron 
and  nickel, are much higher than  those in Z2 and  Z3. 
O n the other hand, the chemical com position  o f Z2 is 
unique, since it contains no nickel, bu t is rich in m agnesium  
and  silicon as com pared to Z l and Z3. Traces o f sodium  and 
calcium are detected in Z2, bu t they are not present in 
Z l and Z3.
Fourier Transform Infrared spectroscopy
The analysis by F T IR  spectroscopy o f the Carancas grains 
em bedded in K B r shows a spectrum containing a series of 
absorption features located at 9.5, 9.8, 10.2, 10.5, 10.8, 11.3, 
11.9, 13.7, 14.5, 15.6, 16.8, 18.4, 20.0 and 24.4 pm (Fig. 5). 
Several small peaks are located within the range 2-3 pm and 
6 -7  pm.
Discussion
The scanning electron microscopy of the Carancas particles 
indicates tha t they have a stony appearance and are com­
posed o f a large population of m ineral particles in variable 
shapes and form s (Figs 1(a) and (b)). Some particles show 
num erous cavities (Fig. 2(d)), which may suggest the occur­
rence o f a steam  phase. M any particles also show fractures 
(Figs 2(c) and  (d)), probably as a result o f the im pact brec- 
ciation. F urtherm ore, the surface of m any particles is covered 
in places with crusts, m ost o f which show fusion melt along 
the fissures (Fig. 1(c)). These findings support an earlier ob­
servation m ade by M iura (2008) that the Carancas meteorite 
was subjected to  two m ajor step processes: melting in the 
atm osphere and steam ing after im pacting Earth. The melting 
process resulted in the form ation o f fusion crusts rich in Fe 
and  Si and melt flakes o f Fe-Ni com position. The steam phase 
occured as a result o f the reaction between the hot meteorite 
m etal and cold groundw ater a t the excavation site. Fractured 
or broken fragm ents were discovered around  the crater, sug­
gesting tha t the C arancas meteorite fragm ented on impact 
w ith Earth. The im pact velocity on the ground was estimated 
a t between 3 and  6 km s -1 (Tancredi et al. 2009).
Some particles show a m ud crack-like texture intermixed 
with ovoid and  elongated features, which appear similar to 
microfossils o f terrestrial origin (Figs 2(a) and (b)). These fea­
tures have also been found in M artian  m eteorite ALH84001 
(M cK ay et al. 1996) and  in other carbonaceous chondrites 
(H oover et al. 2003; H oover 2009). The origin o f these objects 
is, however, uncertain and  remains to  be properly deter­
mined. One possible explanation is tha t the m ud crack-like
Microstructural investigation of the Carancas m eteorite
structure m ay originate from  the terrestrial contam ination. 
It is possible th a t som e o f the fragm ents were exposed to  the 
terrestrial m uddy w ater or wet g round a t the excavation site. 
This explanation is fu rthe r supported  by the observation that 
the Carancas fall was im m ediately followed by a massive 
cloud o f dust and  g roundw ater evaporation  from  the im pact 
crater (M acedo & M achare  2007; del P rado et al. 2008; 
M iura 2008; Schultz et al. 2008).
Concerning the ovoid and  elongated features, an expla­
nation could be offered th a t these m ay be the broken p ro ­
ducts o f carbonate crystallization, since they appear similar 
to  the bundles o f carbonate  crystal precip ita tion  induced by 
bacteria, as suggested by Buczynski & C hafetz (1991) and 
M cK ay et al. (1996).
The F T IR  analysis o f grains in the C arancas m eteorite re­
veals a waveband stretching from  2.5 to  25 pm  showing in­
frared (IR) absorption  peaks centred  at 9.5. 9.9 and  10.2 pm. 
whose characteristics are o f am orphous (9.5 pm ) and  crys­
talline (9.9 and 10.2 pm) silicates (K nacke & K raetschm er 
1980). The presence o f m any bands aro u n d  10 pm m ay be 
indicative of the band shift from  am orphous to  crystalline 
silicates, and this shift m ay result from  the annealing o f 
am orphous silicates a t high tem peratures. This process is be­
lieved to  take place in the ho t inner region o f  the solar nebular 
(Bockelee-M orvan et al. 2002). A m orphous silicates are 
found in abundance in interstellar m edium  (Zolensky 2006) 
and interplanetary dust particles (ID Ps) (M olster & K em per
2005). whereas crystalline silicates are p redom inan t in prim i­
tive m eteorites (Nuth et al. 2005; B usem ann et al. 2006). On 
the other hand, the C l and C2 chondrites are rich (5 0 -6 0 % ) 
in hydrated silicates, which show a sharp  abso rp tion  at 
2.71 pm in the Orgueil and M urchison m eteorites (K nacke & 
K raetschm er 1980). Furtherm ore, the carbonaceous chon­
drites have been shown to display strong absorp tions a t 6.1 
and 6.8 pm (Knacke & K raetschm er 1980). Recently. R au f 
et al. (2010) have detected these abso rp tion  features in the 
Tagish Lake meteorite. The 6.1 pm feature is know n to be 
related to water absorption in m any clay m inerals (Farm er 
1974). whereas the 6.9 pm is caused by ca rbonate  m inerals 
(K nacke & Kraetschmer 1980). U nlike these carbonaceous 
chondrites, the Carancas m eteorite shows considerably weaker 
absorptions in the IR range 2.5-4.0 pm  and  5 .0-7.0 pm 
(Fig. 5). The occurrence of such small hum ps indicates tha t 
hydrated silicates (probably phyllosilicate m inerals), hy­
droxyl (OH) groups and carbonates are less com m on. There 
is no evidence o f aliphatic functioning groups, as confirm ed 
by the absence of a 3.4 pm peak. However, arom atic  hyd ro ­
carbons may be present in the C arancas m eteorite, as shown 
by the presence of a band centred a t 11.3 pm, which is know n 
to be the absorption feature o f arom atic hydrocarbons in 
m any astronom ical objects (C ataldo  & K eheyan 2003; R au f 
& W ickramasinghe 2010; R au f et al. 2010). including com ets 
and 8 IP/W ild 2 in particu lar (Sandford 2008). The IR  bands 
observed in the 10-20 pm region m ay be due to the presence 
o f the olivine group (Saikia & P arthasa rathy  2009).
A ttem pts to section the resin-im pregnated particles 
were met with little success. M ost o f the sections showed
perforations and became brittle, suggesting th a t the particles 
were poorly em bedded. However, there are some small par­
ticles or grains th a t were reasonably well preserved. As shown 
in Figs 1(d) and 3 and Table 1, these grains are composed of 
three phases distinguishable not only by the differences in their 
electron density and texture, bu t also their chemical com­
position. The light zone (Z l), showing a mica sheet-like struc­
ture, is com posed of sulphide minerals rich in Fe and Ni. In 
contrast, the darker region (Z2) displays a spectacular pattern 
o f ‘chattering p its ’, rich in Mg and Si (the m ajor elements of 
high-tem perature minerals, such as forsterite M g2S i0 4 and 
enstatite M gS i03). The richness o f chemical elements, such as 
Mg, Si, and Fe, in Z2 also suggests the existence of olivine 
and  pyroxene. The third zone (Z3), showing a rather smooth 
surface structure, is com posed o f crystalline silicates rich in 
Mg. Fe and Si (the m ajor elements of olivine and pyroxene). 
The X-ray microanalysis also confirms tha t there is no evi­
dence for the presence of the arsenic element (Fig. 4 and 
Table 1), thus ruling out the claim tha t the illness experienced 
by the locals in Carancas was arsenic related.
The results obtained from  the elemental analysis, electron 
m icroscopy and F T IR  spectroscopy suggest th a t the chemical 
com position of some particles in the Carancas meteorite 
is similar to  tha t o f particles o f the 81 P/W ild 2 comet, where 
bo th  am orphous and crystalline silicates are present in 
abundance (Keller 2006; Zolensky 2006). The 8 pm term inal 
particle (known as Sitara) o f this com et is com posed o f bright 
regions o f sulphides rich in iron and nickle. a central grey 
region o f enstatite m arked by aligned ‘chatter p its ’ and a 
sm ooth grey region rich in crystalline Mg-silicates (Brownlee 
et al. 2006).
Using F T IR  spectroscopy, ED A X  analysis and electron 
m icroscopy to analyse the Carancas particles, the current in­
vestigation presents the following findings: (1) the meteorite 
is com posed of a large population of minerals that are abun­
dan t in space; (2) it is rich in chemical elements tha t are 
com posed o f olivine, pyroxene and high-tem perature min­
erals. such as fosterite and enstatite; (3) the richness of these 
minerals and  iron metal support the early proposal that the 
m eteorite is an ordinary H4/5 chondrite (del Prado et al. 
2008; Tancredi et al. 2008, 2009); (4) some particles show 
structural characteristics and chemical com position of 
m inerals sim ilar to  the 81 P/W ild 2 com et; and  (5) the ovoid 
and elongated features look like microfossils found in other 
m eteorites, m any o f which resemble bacterial microfossils o f 
terrestrial origin.
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